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Abstract

Diagnostic management strategies for adults and children 
with minor head injury: a systematic review and an economic 
evaluation

A Pandor, S Goodacre,* S Harnan, M Holmes, A Pickering, P Fitzgerald, 
A Rees and M Stevenson

School of Health and Related Research (ScHARR), University of Sheffield, Sheffield, UK

*Corresponding author

Background: Patients with minor head injury [Glasgow Coma Scale (GCS) score 13–15] 
have a small but important risk of intracranial injury (ICI) that requires early identification 
and neurosurgical treatment. Diagnostic assessment can use either a clinical decision rule 
or unstructured assessment of individual clinical features to identify those who are at risk of 
ICI and in need of computerised tomography (CT) scanning and/or hospital admission.  
Selective use of CT investigations helps minimise unnecessary radiation exposure and 
resource use, but can lead to missed opportunities to provide early treatment for ICI.
Objectives: To determine the diagnostic accuracy of decision rules, individual clinical 
characteristics, skull radiography and biomarkers, and the clinical effectiveness and cost-
effectiveness of diagnostic management strategies for minor head injury (MHI).
Data sources: Several electronic databases [including MEDLINE, MEDLINE In-Process & 
Other Non-Indexed Citations, Cumulative Index to Nursing and Allied Health Literature 
(CINAHL), EMBASE and The Cochrane Library] were searched from inception to April 2009 
(updated searches to March 2010 were conducted on the MEDLINE databases only). 
Searches were supplemented by hand-searching relevant articles (including citation 
searching) and contacting experts in the field. For each of the systematic reviews the 
following studies were included (1) cohort studies of patients with MHI in which a clinical 
decision rule or individual clinical characteristics (including biomarkers and skull 
radiography) were compared with a reference standard test for ICI or need for neurosurgical 
intervention and (2) controlled trials comparing alternative management strategies for MHI.
Review methods: Study quality was assessed using the Quality Assessment of Diagnostic 
Accuracy Studies (QUADAS) tool (for the assessment of diagnostic accuracy) or criteria 
recommended by the Effective Practice and Organisation of Care Review Group (for the 
assessment of management practices). Where sufficient data existed, a meta-analysis was 
undertaken to generate pooled estimates of diagnostic parameters. A decision-analysis 
model was developed using Simul8 2008 Professional software (Simul8 Corporation, 
Boston, MA, USA) to estimate the costs and quality-adjusted life-years (QALYs) accrued by 
management strategies for MHI. The model took a lifetime horizon and NHS perspective. 
Estimates of the benefits of early treatment, harm of radiation exposure and long-term 
costs were obtained through literature reviews. Initial analysis was deterministic, but 
probabilistic sensitivity analysis was also performed. Secondary analyses were undertaken 
to explore the trade-off between sensitivity and specificity in diagnostic strategies and to 
determine the cost-effectiveness of scenarios involving hospital admission.
Results: The literature searches identified 8003 citations. Of these, 93 full-text papers were 



iv Abstract

included for the assessment of diagnostic accuracy and one for the assessment of 
management practices. The quality of studies and reporting was generally poor. The 
Canadian CT Head Rule (CCHR) was the most widely validated adult rule, with sensitivity of 
99–100% and 80–100% for neurosurgical and any ICI, respectively (high- or medium-risk 
criteria), and specificity of 39–51%. Rules for children had high sensitivity and acceptable 
specificity in derivation cohorts, but limited validation. Depressed, basal or radiological 
skull fracture and post-traumatic seizure (PTS) [positive likelihood ratio (PLR) > 10]; focal 
neurological deficit, persistent vomiting, decrease in GCS and previous neurosurgery (PLR 
5–10); and fall from a height, coagulopathy, chronic alcohol use, age > 60 years, pedestrian 
motor vehicle accident (MVA), any seizure, undefined vomiting, amnesia, GCS < 14 and 
GCS < 15 (PLR 2–5) increased the likelihood of ICI in adults. Depressed or basal skull 
fracture and focal neurological deficit (PLR > 10), coagulopathy, PTS and previous 
neurosurgery (PLR 5–10), visual symptoms, bicycle and pedestrian MVA, any seizure, loss 
of consciousness, vomiting, severe or persistent headache, amnesia, GCS < 14, GCS < 15, 
intoxication and radiological skull fracture (PLR 2–5) increased the likelihood of ICI in 
children. S100 calcium-binding protein B had pooled sensitivity of 96.8% [95% highest-
density region (HDR) 93.8% to 98.6%] and specificity of 42.5% (95% HDR 31.0% to 
54.2%). The only controlled trial showed that early CT and discharge is cheaper and at 
least as effective as hospital admission. Economic analysis showed that selective CT use 
dominated ‘CT all’ and ‘discharge all’ strategies. The optimal strategies were the CCHR 
(adults) and the CHALICE (Children’s Head injury Algorithm for the prediction of Important 
Clinical Events) or NEXUS II (National Emergency X-Radiography Utilization Study II) rule 
(children). The sensitivity and specificity of the CCHR (99% and 47%, respectively) 
represented an appropriate trade-off of these parameters. Hospital admission dominated 
discharge home for patients with non-neurosurgical injury, but cost £39 M per QALY for 
clinically normal patients with a normal CT.
Conclusions: The CCHR is widely validated and cost-effective for adults. Decision rules for 
children appear cost-effective, but need further validation. Hospital admission is cost-
effective for patients with abnormal, but not normal, CT. The main research priorities are to 
(1) validate decision rules for children; (2) determine the prognosis and treatment benefit for 
non-neurosurgical injuries; (3) evaluate the use of S100B alongside a validated decision 
rule; (4) evaluate the diagnosis and outcomes of anticoagulated patients with MHI; and 
(5) evaluate the implementation of guidelines, clinical decision rules and diagnostic 
strategies. Formal expected value of sample information analysis would be recommended 
to appraise the cost-effectiveness of future studies.
Funding: The National Institute for Health Research Health Technology 
Assessment programme.
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Glossary

Technical terms and abbreviations are used throughout this report. The meaning is usually 
clear from the context, but a glossary is provided for the non-specialist reader. In some cases, 

usage differs in the literature, but the term has a constant meaning throughout this review.

Basal skull fracture A fracture involving the base of the cranium.

Battle’s sign Bruising that sometimes occurs behind the ear in cases of fracture of the base of the 
skull (basal skull fracture).

Clinical decision rule A rule that uses standardised information from the patient history, 
examination and investigations to direct a clinical management decision.

Coagulopathy A condition affecting the blood’s ability to form a clot.

Consciousness An alert cognitive state in which you are aware of yourself and your situation.

Cost-effectiveness acceptability curve A way of illustrating cost-effectiveness results by plotting 
the probability that the intervention is cost-effective (y-axis) against the maximum that society is 
willing to pay for an improvement in health (x-axis).

Cost-effectiveness plane A way of illustrating cost-effectiveness results by plotting the mean 
incremental cost and effectiveness on a four-quadrant graph. Interventions that are more costly 
and more effective fall in the north-east quadrant.

Diagnostic case–control study Diagnostic accuracy study in which the test results of a series of 
patients with an established diagnosis are compared with those of a non-diseased control group.

Diagnostic cohort study Diagnostic accuracy study in which a group of individuals with a 
suspected disease undergo both the index test and the reference standard, and the results of the 
two tests are compared.

Drowsiness A state of impaired awareness associated with a desire or inclination to sleep.

False-negative A patient with a condition who is wrongly diagnosed as not having it.

False-positive A patient without a condition who is wrongly diagnosed as having it.

Focal neurological deficit A neurological abnormality that is restricted to a particular part of 
the body or a particular activity.

Glasgow Coma Scale (GCS) A standardised system that is used to assess the degree of brain 
impairment and to identify the seriousness of injury in relation to outcome. The system involves 
three determinants – eye opening, verbal responses and motor response – all of which are 
evaluated independently according to a numerical value that indicates the level of consciousness 
and degree of dysfunction.

Highest-density region (HDR) The Bayesian equivalent of a confidence interval.
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Incremental cost-effectiveness ratio (ICER) The difference in costs between one intervention 
and an alternative, divided by the difference in outcomes.

Intracranial haematoma A collection of blood inside the cranium, caused by damage to brain 
tissue or the rupture of a blood vessel. The resulting swelling can compress the brain.

Likelihood ratio Describes how many times more likely a person with a disease is to receive a 
particular test result than a person without disease. A likelihood ratio of a positive test result is 
usually a number > 1; a likelihood ratio of a negative test result usually lies between 0 and 1.

Neurosurgery A surgical specialty for the treatment of diseases and disorders of the brain, spinal 
cord and nerves.

Quality-adjusted life-year (QALY) A measure of benefit of health care combining the impact of 
both expected length of life and quality of life.

Receiver-operating characteristic (ROC) A receiver-operating characteristic curve represents 
the relationship between ‘true-positive fraction’ (sensitivity) and ‘false-positive fraction’ (1–
specificity). It displays the trade-offs between sensitivity and specificity as a result of varying the 
cut-off value for positivity in case of a continuous test result.

Reference standard Established test(s) against which the accuracy of a new test for detecting a 
particular condition can be evaluated.

Sensitivity (true-positive rate) The proportion of individuals with the target condition in a 
population who are correctly identified by a diagnostic test.

Specificity (true-negative rate) The proportion of individuals free of the target condition in a 
population who are correctly identified by a diagnostic test.

Test accuracy The proportion of test results that is correctly identified by the test.

True-negative (TN) A patient without a condition who is correctly diagnosed as not having it.

True-positive (TP) A patient with a condition who is correctly diagnosed as having it.
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List of abbreviations

ACEP American College of Emergency Physicians
AUC area under curve
CATCH Canadian Assessment of Tomography for Childhood Injury
CBA controlled before/after
CCHR Canadian CT Head Rule
CCT controlled clinical trial
CDSR Cochrane Database of Systematic Reviews
CENTRAL Cochrane Central Registry of Controlled Trials
CHALICE Children’s Head injury Algorithm for the prediction of Important Clinical Events
CHIP CT in Head Injury Patients
CINAHL Cumulative Index to Nursing and Allied Health Literature
CI confidence interval
CK-BB creatine kinase isozyme
CPCI Conference Proceedings Citation Index
CRD Centre for Reviews and Dissemination
CT computerised tomography 
DARE Database of Abstracts of Reviews of Effects
DLYG discounted life-year gained
ED emergency department
EFNS European Federation of Neurological Societies
EPOC Effective Practice and Organisation of Care
EQ-5D European Quality of Life-5 Dimensions
EVPI expected value of perfect information
EVPPI expected value of partial perfect information
FN false-negative
FP false-positive
GCS Glasgow Coma Scale
GOS Glasgow Outcome Score
GOS-E Extended Glasgow Outcome Score
HDR highest-density region
HES Hospital Episode Statistics 
HTA health technology assessment
ICER incremental cost-effectiveness ratio
ICI intracranial injury
INAHTA International Network of Agencies for Health Technology Assessment
IQR interquartile range
LOC loss of consciousness
MHI minor head injury
MRI magnetic resonance imaging
MVA motor vehicle accident
NCWFNS Neurotraumatology Committee of the World Federation of Neurosurgical Societies
NEXUS II National Emergency X-Radiography Utilization Study II
NICE National Institute for Health and Clinical Excellence
NIHR National Institute for Health Research
NLR negative likelihood ratio
NOC New Orleans Criteria
NSE neuron-specific enolase
PECARN Paediatric Emergency Care Applied Research Network
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PLR positive likelihood ratio
PSA probabilistic sensitivity analysis
PSSRU Personal Social Services Research Unit
PTA post-traumatic amnesia
PTS post-traumatic seizure
QALY quality-adjusted life-year
QoL quality of life
QUADAS Quality Assessment of Diagnostic Accuracy Studies 
RCS Royal College of Surgeons
RCT randomised controlled trial 
ReFeR Research Findings Register
ROC receiver-operating characteristic
S100B S100 calcium-binding protein B
SCI Science Citation Index
SIGN Scottish Intercollegiate Guidelines Network
SSCI Social Science Citation Index
TBI traumatic brain injury
TN true-negative
TP true-positive
TRIP Turning Research into Practice
UCD University of California–Davis rule
VOI value of information
WoK Web of Knowledge
WoS Web of Science
WWW world wide web

All abbreviations that have been used in this report are listed here unless the abbreviation is well 
known (e.g. NHS), or it has been used only once, or it is a non-standard abbreviation used only 
in figures/tables/appendices, in which case the abbreviation is defined in the figure legend or in 
the notes at the end of the table.
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Executive summary

Background

Head injury accounts for around 700,000 emergency department (ED) attendances each year 
in England and Wales; 90% of such head injuries are minor [Glasgow Coma Scale (GCS) score 
13–15]. These patients have a small but important risk of serious intracranial injury (ICI) that 
requires early identification and neurosurgical treatment. Diagnostic assessment can either use a 
clinical decision rule or unstructured assessment of individual clinical features to identify those 
who are at risk of ICI and require computerised tomography (CT) scanning and/or hospital 
admission. Management involves a potential trade-off between underinvestigation, which risks 
missed opportunities to provide early effective treatment for ICI, and overinvestigation, which 
risks unnecessary radiation exposure and waste of NHS resources.

Objectives

The overall aim was to use secondary research methods to determine the most appropriate 
diagnostic management strategy for adults and children with minor (GCS 13–15) head injury in 
the NHS. More specifically, the objectives were to (1) undertake systematic reviews to determine 
the diagnostic accuracy of clinical decision rules and individual clinical characteristics for 
predicting ICI (including the need for neurosurgery) and evaluate the comparative effectiveness 
of different diagnostic management strategies for minor head injury (MHI); (2) undertake a 
cross-sectional survey and use routinely available data to describe current practice in the NHS; 
and (3) develop an economic model to estimate the cost-effectiveness of diagnostic strategies for 
MHI, identify the optimal strategy for managing MHI in the NHS, and identify the critical areas 
of uncertainty in the management of MHI.

Methods

Several electronic databases [including MEDLINE, MEDLINE In-Process & Other Non-Indexed 
Citations, the Cumulative Index to Nursing and Allied Health Literature (CINAHL), EMBASE 
and the Cochrane Library] were searched from inception to April 2009 (updated searches to 
March 2010 were conducted on the MEDLINE databases only). Searches were supplemented 
by hand-searching relevant articles (including citation searching) and contacting experts in the 
field. For each of the systematic reviews the following studies were included: (1) cohort studies 
of patients with MHI in which a clinical decision rule or individual clinical characteristics 
(including biomarkers and skull radiography) were compared with a reference standard test 
for ICI or need for neurosurgical intervention and (2) controlled trials comparing alternative 
management strategies for MHI. Study quality was assessed using the Quality Assessment 
of Diagnostic Accuracy Studies tool (for the assessment of diagnostic accuracy) or criteria 
recommended by the Effective Practice and Organisation of Care Review Group (for the 
assessment of management practices). Where sufficient data existed in accuracy studies, we used 
meta-analysis to generate pooled estimates of sensitivity, specificity and likelihood ratios.

For the economic analysis we developed a decision-analysis model using Simul8 Professional 
software (Simul8 Corporation, Boston, MA, USA) to estimate the costs and quality-adjusted 
life-years (QALYs) accrued by each potential management strategy for MHI, including a 
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theoretical ‘zero option’ strategy of discharging all patients home without investigation. The 
model took a lifetime horizon and the perspective of the NHS. The benefits of early detection 
of ICI were modelled using literature reviews to estimate the proportion of patients with each 
Glasgow Outcome Score (GOS) after each strategy and then estimate subsequent QALYs accrued. 
Hospital costs were estimated for each strategy and each GOS category. Each CT scan performed 
attracted an additional cost and QALY loss due to radiation-induced malignancy. The analysis 
was conducted for patients aged 1, 10, 40 and 75 years. Initial analysis was deterministic, but 
probabilistic sensitivity analysis (PSA) was also performed. Secondary analyses were undertaken 
to explore the trade-off between sensitivity and specificity in diagnostic strategies, to determine 
the cost-effectiveness of hospital admission compared with discharge home for (1) patients with 
non-neurosurgical injuries on CT scan and (2) patients with a normal CT scan, and to explore 
the cost-effectiveness of strategies for adults when no responsible adult was available to observe 
the patient after discharge.

To describe current NHS practice we mailed a questionnaire survey to the lead clinician of 
all major acute hospital EDs in the UK and analysed routine ED data from Hospital Episode 
Statistics (HES). Where possible, we correlated survey responses with HES to determine whether 
service provision was associated with difference in the proportion of patients admitted.

Results

The literature searches identified 8003 citations. Of these, 93 full-text papers were included for 
the assessment of diagnostic accuracy and one for the assessment of management practices. The 
quality of studies and reporting was generally poor.

The Canadian CT Head Rule (CCHR) was the most widely validated adult rule, with a sensitivity 
of 99–100% and a specificity of 48–77% for neurosurgical injury using the high-risk criteria, 
and sensitivity of 99–100% and 80–100% for neurosurgical and any ICI, respectively, using the 
high- or medium-risk criteria, with corresponding specificities of 37–48% and 39–51%. Rules 
for children were less well validated. Several had high sensitivity and acceptable specificity in 
derivation cohorts, but the limited validation data suggested that specificity was poor.

In adults, the presence of depressed, basal or radiological skull fracture and post-traumatic 
seizure (PTS) each substantially increased the likelihood of ICI [point estimate for positive 
likelihood ratio (PLR) > 10]. Focal neurological deficit, persistent vomiting, decrease in GCS 
and previous neurosurgery markedly increased the likelihood (PLR 5–10). Fall from a height, 
coagulopathy, chronic alcohol use, age over 60 years, pedestrian motor vehicle accident (MVA), 
any seizure, undefined vomiting, amnesia, GCS < 14 and GCS < 15 moderately increased the 
likelihood (PLR 2–5). Loss of consciousness (LOC) or headache had little diagnostic value.

In children, the presence of depressed or basal skull fracture and focal neurological deficit 
substantially increased the likelihood of ICI (PLR > 10). Coagulopathy, PTS and previous 
neurosurgery markedly increased the likelihood (PLR 5–10). Visual symptoms, bicycle and 
pedestrian MVA, any seizure, LOC, vomiting, severe or persistent headache, amnesia, GCS < 14, 
GCS < 15, intoxication and radiological skull fracture all moderately increased the likelihood 
(PLR 2–5). Headache, scalp haematoma and scalp laceration had little diagnostic value.

The S100 calcium-binding protein B (S100B) was the only widely evaluated biomarker and had a 
pooled sensitivity of 96.8% [95% highest-density region (HDR) 93.8% to 98.6%] and specificity of 
42.5% (95% HDR 31.0% to 54.2%).
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The only controlled trial showed that early CT and discharge of patients with MHI is at least 
as effective as hospital admission (21.4% vs 24.2% not fully recovered at 3 months) and costs 
less (mean cost £314 vs £462 per patient). An additional two contemporaneous cohort studies 
and nine uncontrolled before/after studies evaluated the effect of changes in management and 
implementation of guidelines, but methodological weaknesses and lack of generalisability limited 
the conclusions that could be drawn.

The deterministic economic analysis showed that for all ages a strategy of selective CT use based 
on a clinical decision rule dominated both the ‘CT all’ and ‘discharge all without investigation’ 
strategies (i.e. accrued more QALYs at lower cost). Selective CT use was cheaper than discharging 
without investigation because of the substantial costs of care for patients with worse outcomes 
due to delayed treatment. It was more effective than CT for all because of the QALY loss through 
radiation-induced malignancy associated with additional CT scanning, although this was only 
true for highly sensitive strategies. The optimal strategies were the CCHR (medium- and high-
risk criteria) for adults and the Children’s Head Injury Algorithm for the Prediction of Important 
Clinical Events (CHALICE) rule for children, with other strategies being dominated or subject 
to extended dominance. PSA showed that these two strategies dominated all other strategies. 
However, deterministic scenario analyses showed that the CHALICE rule was dominated by 
other rules if validation cohort data were used instead of derivation cohort data, whereas the 
National X-Radiography Utilization Study II (NEXUS II) rule was the optimal rule for adults if 
different prevalence estimates were used for intracranial injuries.

Secondary deterministic analyses showed that the estimated sensitivity and specificity of the 
CCHR (99% and 47%, respectively) appeared to represent an appropriate trade-off of these 
two parameters. A rule with 100% sensitivity would only dominate the CCHR if specificity 
were ≥ 38%, whereas a rule with 70% specificity would dominate the CCHR only if sensitivity 
were ≥ 94%.

Other analyses showed that hospital admission for patients with non-neurosurgical injury on 
CT dominated discharge home, although hospital admission for clinically normal patients with 
a normal CT had an incremental cost-effectiveness ratio of £39M per QALY compared with 
discharge home with a responsible adult or £2.5M compared with discharge without a responsible 
adult. A selective CT strategy remained optimal for adults when there was no responsible adult 
available to observe the patient after discharge home.

The survey of NHS EDs showed that nearly all had unrestricted access to CT scanning (adults 
96%, children 94.5%). Adults were usually admitted to an observation ward or clinical decision 
unit (61.4%), whereas children were usually admitted to an inpatient ward (86.7%). The median 
proportion of attendances admitted was higher for adults (18%) than for children (9%). There 
was no evidence of an association between the proportion admitted and the admission team, 
location or requirement for senior or specialist approval (all p > 0.1).

Conclusions

The CCHR is the most well-validated rule in adults and, when medium- and high-risk criteria 
are used, has high sensitivity and acceptable specificity. The CCHR and related National Institute 
for Health and Clinical Excellence guideline are based upon the clinical characteristics that 
our meta-analysis suggests are the most powerful predictors of ICI. The use of headache as 
an additional criterion for CT scanning (as used in some hospitals) was not supported by our 
meta-analysis.



xiv Executive summary

The CCHR appears to be the most cost-effective strategy for managing MHI in adults. 
Improving upon the CCHR would require improved accuracy rather than a different trade-off 
between sensitivity and specificity as the current balance appears appropriate in terms of cost-
effectiveness. The S100B biomarker might improve specificity and thus cost-effectiveness, but 
further research is required to determine how S100B performs alongside clinical decision rules.

Decision rules for children have not been widely validated so conclusions are less clear. Three 
rules have been validated in a different setting from the derivation cohort and one in the same 
setting. Specificity appears to be worse in validation cohorts. The CHALICE and NEXUS II rules 
appeared to be based on characteristics that our meta-analysis suggested were the most powerful 
predictors of ICI. All decision rule strategies were more cost-effective than ‘CT all’ or ‘discharge 
all’. The CHALICE rule was the most cost-effective strategy when derivation data were used, but 
the NEXUS II rule was optimal where validation data were used.

Hospital admission for patients with non-neurosurgical injury on CT is cheaper and achieves 
better outcomes than discharge home, although data are currently lacking to clearly define which 
patients are most likely to benefit from hospital admission. Hospital admission of patients who 
are clinically well with a normal CT scan is not cost-effective.

The main research priorities are to (1) validate decision rules for children; (2) determine the 
prognosis and treatment benefit for non-neurosurgical injuries; (3) evaluate the use of S100B 
alongside a validated decision rule; (4) evaluate the diagnosis and outcomes of anticoagulated 
patients with MHI; and (5) evaluate the implementation of guidelines, clinical decision rules 
and diagnostic strategies. Formal expected value of sample information analysis would be 
recommended to appraise the cost-effectiveness of future studies.
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Chapter 1  

Background

Description of health problem

Head injuries account for over 700,000 emergency department (ED) attendances every year in 
England and Wales1 (with about 20% of head-injured patients being admitted to hospital for 
further assessment and treatment),2 and are responsible for a significant proportion of the ED 
workload. In the UK, 70–88% of all people who sustain a head injury are male, 10–19% are 
aged ≥ 65 years and 40–50% are children.1 The severity of head injury is directly related to the 
mechanism and cause.2 Most minor head injuries (MHIs) in the UK result from falls (22–43%), 
assault (30–50%) or road traffic accidents (25%).1 Alcohol may also be involved in up to 65% 
of adult head injuries. Motor vehicle accidents (MVAs) account for most fatal and severe head 
injuries.3 There are, however, marked variations in aetiology across the UK, particularly by age, 
gender, area of residence and socioeconomic status.3–5

Injury severity can be classified according to the patient’s consciousness level, as measured on 
the Glasgow Coma Scale (GCS) when they present to the emergency care services. Most patients 
(90%) present with a minor injury (GCS 13–15), whereas 10% present with either moderate 
(GCS 9–12) or severe (GCS 3–8) head injury.6 Patients with a MHI are conscious and responsive, 
but may be confused or drowsy. Initial management of MHI may involve identification and 
treatment of other injuries, or first aid for scalp bruising or bleeding, but MHIs are typically 
isolated so initial treatment is limited to analgesia and reassurance.

The main challenge in the management of MHI is identification of the minority of patients with 
significant intracranial injury (ICI), especially those who require urgent neurosurgery. Head 
injury can result in a range of intracranial lesions, including extradural or subdural haematoma, 
subarachnoid haemorrhage, cerebral contusion or intracerebral haematoma. Although patients 
with intracranial lesions often present with moderate or severe head injury according to their 
GCS, some present with apparently MHI. Subsequent progression of the intracranial lesion can 
result in a decreasing consciousness level, brain damage, disability and even death.

Early identification of an intracranial lesion can reduce the risk of brain damage and death. First, 
some intracranial lesions (typically extradural haematoma) can rapidly expand if untreated, 
leading to raised intracranial pressure, brain damage and death. Emergency neurosurgery to 
evacuate the haematoma and relieve increased pressure can allow most patients to make a full 
recovery,7–11 whereas delayed neurosurgery is associated with poorer outcomes.11,12 Second, 
a proportion of patients with an ICI that does not require urgent neurosurgery (i.e. a non-
neurosurgical injury, such as an intracerebral haematoma) will subsequently deteriorate and 
require critical care support and/or neurosurgery. These patients may have better outcomes 
if they are admitted to hospital and managed in an appropriate setting.13 We have defined the 
former group as having ‘neurosurgical’ injuries and the latter as having ‘non-neurosurgical’ 
injuries. However, it should be recognised that our definition is based upon the emergency 
treatment required rather than all subsequent treatment. Many patients with injuries that we 
define as having ‘non-neurosurgical’ injuries will benefit from general neurosurgical care and 
may require later neurosurgical interventions.



2 Background

Outcome from head injury can be assessed using the Glasgow Outcome Score (GOS). The scale 
has the following categories:

1. dead
2. vegetative state – unresponsive and unable to interact with environment
3. severe disability – able to follow commands, but unable to live independently
4. moderate disability – able to live independently, but unable to return to work or school
5. good recovery – able to return to work or school.

The scale has subsequently been extended to eight categories by subdividing the severe disability, 
moderate disability and good recovery categories into upper and lower divisions [known as the 
extended GOS (GOS-E)].

Most patients with MHI have no intracranial lesion (or at least no lesion detectable by currently 
used imaging modalities) and will make a good recovery, although post-traumatic symptoms, 
such as headaches, depression and difficulty concentrating, are relatively common and often 
underestimated. There is some evidence that early educational intervention can improve these 
symptoms,14–17 but this does not rely upon initial diagnostic management. Most patients with a 
MHI and a neurosurgical or non-neurosurgical intracranial lesion will make a good recovery 
with appropriate timely treatment, although a significant proportion will suffer disability or 
die.7–11,18 Failure to provide appropriate timely treatment appears to be associated with a higher 
probability of disability or death.11,12

The incidence of death from head injury is estimated to be 6–10 per 100,000 population per 
annum.2 This low incidence is owing to most patients having MHI with no significant intracranial 
lesion and the good outcomes associated with ICI in patients presenting with MHI when treated 
appropriately. However, when death or disability does occur following MHI, it often affects 
young people and, therefore, results in a substantial loss of health utility and years of life. As such 
outcomes are potentially avoidable, clinicians typically have a low threshold for investigation.

Current service provision

Patients with MHI present to the ED, where a doctor or nurse practitioner will assess them and, if 
appropriate, arrange investigation. Clinical assessment may consist of an unstructured assessment 
of the patient history and examination or may use a structured assessment to combine features 
of the clinical history and examination in a clinical decision rule. Investigations include skull 
radiography and computerised tomography (CT) of the head. After assessment and investigation, 
patients may be discharged home, admitted to hospital for observation or referred for emergency 
neurosurgery. The aim of diagnostic management is to identify as many patients with ICI as 
possible (particularly those with neurosurgical injury), while avoiding unnecessary investigation 
or hospital admission for those with no significant ICI.

Guidelines for managing head injury in the NHS were drawn up by the National Institute for 
Health and Clinical Excellence (NICE) in 200319 and revised in 2007.1 These guidelines use 
clinical decision rules to determine which patients should receive CT scanning and which should 
be admitted to hospital. Similar guidelines from the Scottish Intercollegiate Guidelines Network 
(SIGN) are used in Scotland.20

The NICE guidelines were based upon a literature review and expert consensus. Cost-
effectiveness analysis was not used to develop the guidelines, but was used to explore the 
potential impact on health service costs. The guidelines were expected to reduce the use of skull 
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radiography, increase the use of CT scanning and reduce hospital admissions, thus reducing 
overall costs. Data from a number of studies have since confirmed that more CT scans and 
less skull radiography are being performed.21–23 However, Hospital Episode Statistics (HES) for 
England show that the annual number of admissions for head injury increased from 114,769 in 
2001–2 to 155,996 in 2006–7. As average length of stay remained relatively constant, bed-days 
increased from 348,032 in 2001–2 to 443,593 in 2006–7. Figure 1 shows that the increase in 
admissions has been seen in adults rather than in children.24

These data suggest that the annual costs of admission for head injury have increased from around 
£170M to £213M since the guidelines were introduced.

The increase in admissions could be indirectly due to the NICE guidance. If, for example, 
clinicians were ordering more CT scans, but lacked the ability to interpret them or access to 
a radiological opinion then this could result in more admissions. However, changes in NHS 
emergency care occurring around 2003 other than NICE guidance could have been responsible 
for the increase in admissions. For example, the introduction of a target limiting the time spent 
in the ED to 4 hours could have resulted in patients being admitted to hospital rather than 
undergoing prolonged assessment in the ED. Furthermore, a general trend away from surgical 
specialties and towards emergency physicians in the responsibility for MHI admissions may have 
changed the threshold for hospital admission.

Description of technology under assessment
Diagnostic strategies for MHI include clinical assessment, clinical decision rules, skull 
radiography, CT scanning and biochemical markers. Clinical assessment can be used to identify 
patients with an increased risk of ICI and select patients for imaging or admission. A recent 
meta-analysis of 35 studies reporting data from 83,636 adults with head injury25 found that severe 
headache (relative risk 2.44), nausea (2.16), vomiting (2.13), loss of consciousness (LOC) (2.29), 
amnesia (1.32), post-traumatic seizure (PTS) (3.24), old age (3.70), male gender (1.26), fall from 
a height (1.61), pedestrian crash victim (1.70), abnormal GCS (5.58), focal neurology (1.80) and 
evidence of alcohol intake (1.62) were all associated with intracranial bleeding. A similar analysis 
of 16 studies reporting data from 22,420 children with head injury25 found that focal neurology 
(9.43), LOC (2.23) and abnormal GCS (5.51) were associated with intracranial bleeding.
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4 Background

Clinical features have been combined in a number of studies to develop a structured clinical 
decision rule. Initially, clinical decision rules were developed to determine which patients 
should be admitted to hospital for observation. More recently, clinical decision rules have 
been developed to determine which patients should receive CT scanning. A systematic review 
undertaken for the NICE guidance19 identified four studies of four different clinical decision 
rules. The studies of the Canadian CT Head Rule (CCHR) criteria26 and the New Orleans Criteria 
(NOC) rule27 were both high quality, applicable to the NHS and reported 100% sensitivity for 
the need for neurosurgical intervention. Of the other two studies, one28 reported poor sensitivity 
and one29  was not applicable to the NHS. On this basis, the NICE guidance adapted the CCHR 
for use in the NHS and recommended this for adults and children, effectively as the NICE 
clinical decision rule.19 In 2007, the guidance was updated1 to recommend using a rule developed 
specifically for children – the Children’s Head injury Algorithm for the prediction of Important 
Clinical Events (CHALICE) rule30 – although a modified version of the original rule continued to 
be recommended for adults.

Skull radiography can identify fractures that are associated with a substantially increased risk 
of intracranial bleeding, but cannot identify intracranial bleeding itself. Skull radiography is 
therefore used as a screening tool to select patients for investigation or admission, but not for 
definitive imaging. A meta-analysis31 found that skull fracture detected on a radiograph had a 
sensitivity of 38% and specificity of 95% for intracranial bleeding. More recent meta-analyses in 
adults25 and children32 reported relative risks of 4.08 and 6.13, respectively, for the association 
between skull fracture and intracranial bleeding. The NICE guidance only identifies a very 
limited role for skull radiography and use in the NHS has decreased accordingly.21–23

Computerised tomography scanning definitively shows significant bleeding and a normal 
CT scan effectively excludes a significant bleed at the time of scanning. Magnetic resonance 
imaging (MRI) can detect some lesions that are not evident on CT,33 but arguably none that is 
of clinical importance and certainly none that influences early management. CT can therefore 
be considered as a reference standard investigation for detecting injuries of immediate clinical 
importance. Liberal use of CT scanning will minimise the risk of missed ICI. However, this has 
to be balanced against the cost of performing large numbers of CT scans on patients with no ICI 
and the potential for harm from radiation exposure, particularly in children.

Hospital admission and observation may be used to identify intracranial bleeding by monitoring 
the patient for neurological deterioration. Although commonly used in the past, the effectiveness 
of this approach has not been studied extensively and has the disadvantage that neurosurgical 
intervention is delayed until after patient deterioration has occurred. Hospital admission and 
observation are usually used selectively, based upon clinical assessment or skull radiography 
findings. As with CT scanning, the use of hospital admission involves a trade-off between the 
benefits of early identification of patients who deteriorate owing to ICI and the costs of hospital 
admission for patients with no significant ICI.

Studies have compared CT-based strategies to skull radiography and/or admission to conclude 
that CT-based strategies are more likely to detect intracranial bleeding and less likely to require 
hospital admission.34,35 Both cost analyses based upon randomised controlled trial (RCT) data36 
and economic modelling37 suggest that a CT-based strategy is cheaper. However, admission-based 
strategies may be an inappropriate comparator for cost-effectiveness analyses because they appear 
to be expensive and of limited effectiveness, particularly if applied unselectively.

More recently, the role of biochemical markers for the identification of brain injury has been 
investigated. The focus of these research efforts has been on a rule-out test, of high sensitivity and 
negative predictive value, such that patients with a negative test can be discharged without the 



© Queen’s Printer and Controller of HMSO 2011. This work was produced by Pandor et al. under the terms of a commissioning contract issued by the 
Secretary of State for Health.

5 Health Technology Assessment 2011; Vol. 15: No. 27DOI: 10.3310/hta15270

radiation exposure associated with CT scanning. The most widely researched biomarker is the 
astroglial cell S100 calcium-binding protein beta subunit (S100B). Although it has been identified 
in non-head-injured patients,38 following isolated head injury a measurable concentration less 
than the currently used cut-off of 0.1 µg/l measured within 4 hours of injury39 has been linked 
to negative CT scans with a sensitivity of 96.8% and specificity of 42.5%. So far, inconsistency of 
sensitivity and specificity results has limited its widespread application. The question of clinical 
applicability and cost-effectiveness has also yet to be addressed adequately. Other biochemical 
markers, such as neuron-specific enolase (NSE), dopamine and adrenaline, have been studied but 
less extensively and without validation or consistent results, rendering it impossible to draw any 
evidence-based conclusions about their utilisation.
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Chapter 2  

Research questions

Rationale for the study

The diagnostic management of MHI, particularly the use of CT scanning and hospital admission, 
involves a trade-off between the benefits of early accurate detection of ICI and the costs and 
harms of unnecessary investigation and admission for patients with no significant ICI. Clinical 
assessment, particularly if structured in the form of a decision rule, can be used to select patients 
for CT scanning and/or admission. Selective use of investigations or admission can reduce 
resource use, but may increase the risk of missed pathology. Cost-effectiveness analysis is 
therefore necessary to determine what level of investigation represents the most efficient use of 
health-care resources.

Although primary research can provide accurate estimates of the cost-effectiveness of alternative 
strategies, it can only compare a limited number of alternatives and is often restricted by ethical 
and practical considerations. Economic modelling allows comparison of a wide range of different 
strategies, including those that might currently be considered impractical or unethical, but 
may be revealed to be appropriate alternatives. Economic modelling is also a much cheaper 
and quicker way of comparing alternative strategies than primary research, so it can be used to 
identify which alternatives are most promising and where uncertainty exists and, thus, where 
primary research is best focused.

Economic modelling needs to be based upon systematic synthesis of robust and relevant data. 
We therefore planned to systematically review the literature to identify studies that evaluated 
the diagnostic accuracy of clinical assessment, decision rules and diagnostic tests used in MHI 
and studies that compared the outcomes of different diagnostic management strategies. These 
data could then be used to populate an economic model that estimated the costs and outcomes 
of potential strategies for managing patients with MHI and identify the optimal strategy for 
the NHS.

We limited our study to the diagnosis of acute conditions arising from MHI (the accuracy of 
tests for identifying acute injuries and the costs and benefits of identifying and treating acute 
injuries). Chronic subdural haematoma can develop weeks after MHI with an initially normal CT 
scan. As diagnosis and management of this condition occurs after initial presentation, it is more 
appropriately analysed as part of a separate decision-making process that is beyond the scope 
of this review. Similarly, we did not explore issues related to diffuse brain injury or persistent 
symptoms related to mild traumatic brain injury (TBI).

Overall aims and objectives of assessment

The overall aim was to use secondary research methods to determine the most appropriate 
diagnostic management strategy for adults and children with minor (GCS 13–15) head injury in 
the NHS. More specifically, the objectives were:



8 Research questions

1. To undertake systematic reviews to determine (1) the diagnostic performance of published 
clinical decision rules for identifying ICI (including the need for neurosurgery) in adults 
and children with MHI; (2) the diagnostic accuracy of individual clinical characteristics for 
predicting ICI (including the need for neurosurgery) in adults and children with MHI; and 
(3) the comparative effectiveness of different diagnostic management strategies for MHI 
in terms of process measures (hospital admissions, length of stay, time to neurosurgery) or 
patient outcomes.

2. To use a cross-sectional survey and routinely available data to describe current practice in the 
NHS, in terms of guidelines and management strategies used and hospital admission rates.

3. To develop an economic model to (1) estimate the cost-effectiveness of diagnostic strategies 
for MHI, in terms of the cost per quality-adjusted life-year (QALY) gained by each strategy; 
(2) identify the optimal strategy for managing MHI in the NHS, defined as the most cost-
effective strategy at the NICE threshold for willingness to pay per QALY gained; and (3) 
identify the critical areas of uncertainty in the management of MHI, where future primary 
research would produce the most benefit.
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Chapter 3  

Assessment of diagnostic accuracy

A systematic review of the literature and meta-analysis (where appropriate) was undertaken to 
evaluate the diagnostic performance of clinical decision rules and to measure the diagnostic 

accuracy of key elements of clinical assessment for identifying intracranial injuries in adults and 
children with MHI.

The systematic review and meta-analysis was undertaken in accordance with the guidelines 
published by the Centre for Reviews and Dissemination (CRD) for undertaking systematic 
reviews40 and the Cochrane Diagnostic Test Accuracy Working Group on the meta-analysis of 
diagnostic tests.41,42

Methods for reviewing diagnostic accuracy

Identification of studies
Electronic databases
Studies were identified by searching the following electronic databases:

 ■ MEDLINE (via OvidSP) 1950 to March 2010
 ■ MEDLINE In-Process & Other Non-Indexed Citations (via OvidSP) 1950 to March 2010
 ■ Cumulative Index of Nursing and Allied Health Literature (CINAHL) (via EBSCO) 1981 

to April 2009
 ■ EMBASE (via OvidSP) 1980 to April 2009
 ■ Web of Science (WoS) [includes Science Citation Index (SCI) and Conference Proceedings 

Citation Index (CPCI)] [via Web of Knowledge (WoK) Registry] 1899 to April 2009
 ■ Cochrane Central Registry of Controlled Trials (CENTRAL) (via Cochrane Library Issue 2, 

2009)
 ■ Cochrane Database of Systematic Reviews (CDSR) (via Cochrane Library Issue 2, 2009)
 ■ NHS Database of Abstracts of Reviews of Effects (DARE) (via Cochrane Library Issue 2, 

2009)
 ■ Health Technology Assessment (HTA) database (via Cochrane Library Issue 2, 2009)
 ■ Research Findings Register (ReFeR)
 ■ National Institute for Health Research (NIHR) databases
 ■ International Network of Agencies for Health Technology Assessment (INAHTA)
 ■ Turning Research Into Practice (TRIP) database.

Sensitive keyword strategies using free text and, where available, thesaurus terms using Boolean 
operators and database-specific syntax were developed to search the electronic databases. 
Synonyms relating to the condition (e.g. head injury) were combined with a search filter aimed 
at restricting results to diagnostic accuracy studies (used in the searches of MEDLINE, CINAHL 
and EMBASE). Date limits or language restrictions were not used on any database. All resources 
were searched from inception to April 2009. Updated searches to March 2010 were conducted 
on the MEDLINE databases only. An example of the MEDLINE search strategy is provided in 
Appendix 1.



10 Assessment of diagnostic accuracy

Other resources
To identify additional published, unpublished and ongoing studies, the reference lists of all 
relevant studies (including existing systematic reviews) were checked and a citation search of 
relevant articles [using WoK’s SCI and Social Science Citation Index (SSCI)] was undertaken 
to identify articles that cite the relevant articles. In addition, systematic keyword searches of 
the world wide web (WWW) were undertaken using the Copernic Agent Basic (version 
6.12; Copernic, Quebec City, QC, Canada) meta-search engine and key experts in the field 
were contacted.

All identified citations from the electronic searches and other resources were imported into and 
managed using the Reference Manager bibliographic software version 12.0 (Thomson Reuters, 
Philadelphia, PA, USA).

Inclusion and exclusion criteria
The inclusion of potentially relevant articles was undertaken using a three-step process. First, 
two experienced systematic reviewers (APa and SH) independently screened all titles and 
excluded any citations that clearly did not meet the inclusion criteria (i.e. non-human, unrelated 
to MHI). Second, the list of included abstracts that were identified as possibly relevant by title 
(or when uncertainty existed) was divided equally between two pairs of authors (comprising 
an experienced reviewer and a clinical expert – APa and APi, respectively, or SH and SG, 
respectively) and assessed independently by each reviewer for inclusion. The full manuscript 
of all potentially eligible articles that were considered relevant by either pair of authors was 
obtained, where possible. Third, two review authors (APa and SH) independently assessed 
the full-text articles for inclusion. This was then checked by two clinical experts (SG and APi) 
separately. Blinding of journal, institution and author was not performed. Any disagreements in 
the selection process (within or between pairs) were resolved through discussion and included by 
consensus between the four reviewers. The relevance of each article for the diagnostic accuracy 
review was assessed according to the following criteria.

Study design
All diagnostic cohort studies (prospective or retrospective) with a minimum of 20 patients were 
included. Case–control studies (i.e. studies in which patients were selected on the basis of the 
results of their reference standard test) were excluded.

Reviews of primary studies were not included in the analysis, but were retained for discussion 
and identification of additional studies. The following publication types were excluded from the 
review: animal studies, narrative reviews, editorials, opinions, non-English-language papers and 
reports in which insufficient methodological details are reported to allow critical appraisal of the 
study quality.

Population
All studies of adults and children (of any age) with MHI (defined as patients with a blunt head 
injury and a GCS of 13–15 at presentation) were included. Studies of patients with moderate or 
severe head injury (defined as patients with a GCS of ≤ 12 at presentation) or no history of injury 
were excluded. Studies that recruited patients with a broad range of head injury severity were 
included only if > 50% of the patients had MHI.

Index test
Any test for ICI. This included clinical assessment (e.g. history, physical examination, clinical 
observation), laboratory testing (e.g. biochemical markers) or application of a clinical decision 
rule (defined as a decision-making tool that incorporates three or more variables obtained from 
the history, physical examination or simple diagnostic tests).43
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Target condition
The target conditions of this review were:

 ■ the need for neurosurgical intervention (defined as any ICI seen on CT or MRI scanning that 
required neurosurgery)

 ■ any ICI (defined as any intracranial abnormality detected on CT or MRI scan due to trauma).

Reference standard
The following reference standards were used to define the target conditions:

 ■ CT scan
 ■ combination of CT scan and follow-up for those with no CT scan
 ■ MRI scan.

Computerised tomography scanning is the diagnostic reference standard for detecting 
intracranial injuries that require immediate neurosurgical intervention, as well as those that 
require in-hospital observation and medical management.1 Despite considerable variability in 
the use of CT scanning,44,45 performing a CT scan on all patients with MHI is costly and exposes 
most patients with normal CT scan to unnecessary radiation.46 Therefore, CT scanning or 
follow-up for those not scanned was also deemed to be an acceptable reference standard.

Magnetic resonance imaging is considered to be more sensitive than CT scanning in detecting 
acute traumatic ICI in patients with MHI (i.e. can detect some lesions that are not evident on 
CT).33 However, the lesions that are detected on MRI as opposed to CT are not likely to influence 
early neurosurgical management39 and its widespread use is constrained by costs, availability and 
accessibility issues.39 Nevertheless, it can still be regarded as an appropriate reference standard.

Outcomes
Sufficient data to construct tables of test performance [numbers of true-positives (TPs), false-
negatives (FNs), false-positives (FPs) and true-negatives (TNs) or sufficient data to allow their 
calculation]. Studies not reporting these outcomes were identified, but not incorporated in 
the analyses.

Data abstraction strategy
Data abstraction was performed by one reviewer (SH) into a standardised data extraction form 
and independently checked for accuracy by a second (APa). Discrepancies were resolved by 
discussion between the two reviewers and, if agreement could not be reached, a third or fourth 
reviewer was consulted (SG and APi). Where multiple publications of the same study were 
identified, data were extracted and reported as a single study. The authors of the studies were 
contacted to provide further details in cases where information was missing from the articles.

The following information was extracted for all studies when reported: study characteristics 
(author, year of publication, journal, country, study design and setting), participant details (age, 
gender, percentage with MHI, GCS, inclusion and exclusion criteria), test details, reference 
standard details, prevalence of each outcome [clinically significant ICI and need for neurosurgery 
(including definitions)] and data for a two-by-two table (TP, FN, FP, TN). Where a study 
presented several different versions of a clinical decision rule (i.e. developed during the derivation 
phase), all test performance data were extracted. However, the analyses considered data from 
only the rule endorsed by the authors or the rule derived for the most appropriate outcome.
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Quality assessment strategy
The methodological quality of each included study was assessed by one reviewer (SH) and 
checked by another (APa) using a modified version of the Quality Assessment of Diagnostic 
Accuracy Studies (QUADAS) tool47 (a generic, validated, quality assessment instrument for 
diagnostic accuracy studies). In case of doubt, a third and fourth reviewer (SG and APi) 
were consulted.

The quality assessment items in QUADAS include the following: spectrum composition, 
description of selection criteria and reference standard, disease progression bias (this item 
was not applicable to this review as the reference standard was defined as CT or MRI within 
24 hours of admission), partial and differential verification bias, test and reference standard 
review bias, clinical review bias, incorporation bias (this item was not applicable to this review 
as the reference standard was always independent of the index test), description of index and 
reference test execution, study withdrawals and description of indeterminate test results. For 
studies reporting decision rules, three items relating to the reference standard (adequacy of 
reference standard, partial and differential verification bias) were included twice, once for each 
target condition. For studies reporting clinical characteristics, these items were included once 
and scored negatively if either reference standard was inadequate. Study quality was assessed 
with each item scored as ‘yes’, ‘no’ or ‘unclear’. A summary score estimating the overall quality 
of an article was not calculated as the interpretation of such summary scores is problematic 
and potentially misleading.48,49 Further details on the modified version of the QUADAS tool are 
provided in Appendix 2.

Methods of data synthesis
Indices of test performance were extracted or derived from data presented in each primary 
study of each test. Two-by-two contingency tables of TP cases, FN cases, FP cases and TN cases 
were constructed. Data from cohorts of children were analysed separately. Data from cohorts 
of adults, mixed cohorts and cohorts with no clear description of the age range included were 
analysed together.

For the diagnostic performance of published clinical prediction rules (for diagnosing intracranial 
bleeding requiring neurosurgery or any clinically significant ICI), the data of the two-by-two 
tables were used to calculate sensitivity and specificity [and their 95% confidence intervals (CIs) 
for each study]. We planned to undertake meta-analysis if there were a sufficient number of 
validation studies of the same rule in cohorts that were not markedly heterogeneous. However, 
after searches were completed it was apparent that no rule had been studied sufficiently to 
allow a meaningful meta-analysis. Therefore, results were presented in a narrative synthesis 
and illustrated graphically (forest plots) using the Cochrane Collaboration Review Manager 
software (version 5.0; The Nordic Cochrane Centre, Copenhagen, Denmark).50

For the diagnostic accuracy of clinical assessment, a different approach was used. We selected 
clinical characteristics that had been defined in a reasonably homogeneous and clinically 
meaningful way. Where applicable, three different approaches were used to meta-analyse the 
data. If data from only one study were available, no meta-analyses were undertaken, and the 
analysis produced estimates of sensitivity, specificity, negative likelihood ratio (NLR) and 
positive likelihood ratio (PLR), and corresponding 95% CIs. The last were calculated assuming 
that the statistics were normally distributed on the logit scale (sensitivity, specificity) and on the 
logarithm scale (NLR, PLR).

The PLR is the proportion with the outcome (neurosurgery or ICI) given that the risk factor is 
‘positive’, divided by the proportion without the outcome given that the risk factor is ‘positive’, i.e. 
the PLR is the odds of having the outcome, given a positive risk factor. By a similar argument, the 
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NLR is the odds of having the outcome given a negative risk factor.51 Thus, the PLR and NLR are 
two potentially useful clinical diagnostic measures, depending on whether or not a patient is risk 
factor positive or risk factor negative.

If there were data from two studies, a fixed-effects meta-analysis was conducted using the 
DerSimonian and Laird method,52 weighted by the inverse of study variance estimate, and, as 
before, estimates of sensitivity, specificity, NLR, PLR and corresponding 95% CI. Note, that 
the correlation between outcomes cannot be taken into account in this case as there were 
insufficient data.

For data from three or more studies, a full Bayesian meta-analysis was conducted. The bivariate 
random-effects method of Reitsma et al.53 was used. The Bayesian approach was chosen because 
the between-studies uncertainty can be modelled directly, which is important in any random 
effects meta-analysis where there are small numbers of studies and potential heterogeneity. 
Correlation between sensitivity and specificity was modelled at the logit level and the 
correlation was modelled separately. In addition to the estimated sensitivity, specificity, NLR, 
PLR and corresponding 95% highest-density regions (HDRs), results also included estimated 
heterogeneity (Q) statistics and corresponding p-values for sensitivity and specificity, calculated 
using a fixed-effects approach.

Results of the review of diagnostic accuracy

This section presents the results of the following systematic reviews separately:

 ■ the diagnostic performance of published clinical decision rules for identifying ICI or the 
need for neurosurgery in adults and children with MHI (see Clinical decision rules)

 ■ the diagnostic accuracy of individual clinical characteristics for predicting ICI or the need 
for neurosurgery in adults and children with MHI (see Individual characteristics)

 ■ the diagnostic accuracy of various biochemical markers for predicting ICI or the need for 
neurosurgery in adults and children with MHI (see Biomarkers).

Studies included in the review
Overall, the literature searches identified 8003 citations. Of the titles and abstracts screened, 222 
relevant full papers were retrieved and assessed in detail. A flow chart describing the process 
of identifying relevant literature can be found in Appendix 3. A total of 93 papers evaluating 
the diagnostic performance and/or accuracy of clinical decision rules, individual clinical 
characteristics (symptoms, signs and plain imaging) and biochemical markers met the inclusion 
criteria. Table 1 shows the number of studies included for each systematic review of diagnostic 
accuracy. Studies excluded from the review are listed in Appendix 4.

TABLE 1 Number of studies included for each systematic review of diagnostic accuracya

Diagnostic review

No. of included studies

Adults Children and/or infants

Clinical decision rules 19 14

Individual clinical characteristics 42 29

Biomarkers 11 1

a Some studies provided diagnostic data for more than one review.
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Clinical decision rules
Description of included studies
Adults
The design and patient characteristics of the 19 studies (representing 22 articles)26,27,29,46,54–71 
that evaluated the diagnostic performance of clinical decision rules for identifying ICI or need 
for neurosurgery in adults with MHI are summarised in Table 2. Eight studies were from the 
USA,27,29,55,58,59,61,62,64 two each from Italy,54,57,71 Canada26,46 and the Islamic Republic of Iran,66,67 
and one each from the Netherlands,68–70Australia,65 Japan,63 Spain60 and Denmark.56 Six were 
multicentre studies.26,46,62,66–70 Cohorts ranged in size from 16863 to 13,728.62 Fourteen studies 
derived a new rule.26,27,29,54–56,60,61–64,66,67,69 Four studies46,57,60,68–71 reported validation results for more 
than one rule in the same cohort. Data were collected prospectively in 15 studies,26,27,29,46,56–63,66–71 
of which participants were recruited consecutively in 13,26,27,29,56–60,62,63,66–71 as a convenience 
sample in one,46 and one did not report the method of participant recruitment.61 The remaining 
four studies were retrospective.54,55,64,65 Of the 19 studies, three reported both a derivation and a 
validation cohort,27,61,63 making a total of 22 different cohorts.

Median prevalence of neurosurgical injury was 0.95% [interquartile range (IQR) 0.3% to 1.5%]. 
Median prevalence of ICI was 7.2% (IQR 6.3% to 8.5%). Variations in prevalence may be owing 
to differences in inclusion criteria, reference standards and outcome definitions. Participant 
inclusion ages ranged from > 3 years27 to adults aged ≥ 17 years,55 with five studies including all 
ages or not reporting an age limit.29,56,59,61,62 In seven studies,29,55,59,61,62,64,65 patients were enrolled 
only if they had a CT scan and in nine studies26,27,29,46,55,58,59,65,68–70 patients were selected on the 
basis of clinical characteristics, such as amnesia or LOC at presentation, which, in some studies, 
were used as criteria for having a CT scan. Five studies defined MHI as GCS 14–1554,57,58,60,63,71 and 
included only patients presenting within this range. Four studies collected data only on those 
with GCS 15,27,29,65,67 one study collected data on GCS 14 only,59 two studies61,62 included data from 
all GCS categories and two did not report GCS status.56,64 The remaining five studies26,46,55,66,68–70 
included patients with GCS 13–15. Ten studies26,27,29,46,57,59,63,66–71 stated that they enrolled people 
who presented within 48 hours of injury, although the more usual figure was within 24 hours 
of injury.

Definitions of outcomes and the reference standards used varied across studies (Table 3). If CT 
was not an inclusion criterion and was not performed on all then the reference standard used 
telephone follow-up and/or review of hospital records to identify clinically significant lesions. 
This method would not be expected to accurately identify all intracranial injuries and would 
potentially affect estimates of sensitivity and specificity.80 Eight studies reported neurosurgery 
as an outcome.26,29,46,54,57,59,65,68–71 The length of follow-up for neurosurgery varied from being not 
reported to up to 30 days after injury. The main difference in outcome definition for ICI involved 
the perception of clinical significance, with five cohorts defining this and 16 identifying any 
common acute lesion (listed in Table 3). Definitions of surgical lesions also varied, but most 
definitions included haematoma evacuation, elevation of depressed skull fracture and intracranial 
pressure monitoring.
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Rule(s) derived
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Design
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TABLE 3 Decision rules for adults with MHI – definitions of outcomes and reference standards used in included studies

Author, 
year Rule(s) tested Definition of ICI 

Reference standard 
used for ICI 

Patients who 
had CT, n

Definition of need 
for neurosurgery

Reference 
standard 
used for 
need for 
neurosurgery

Arienta et 
al. 199754

Arienta et al. 
199754

Intracranial lesion: not 
defined. Injuries listed 
include extradural 
haematoma, cortical 
contusion, subarachnoid 
haemorrhage, 
pneumocephalus, 
depressed fracture with 
contusion, intracerebral 
haematoma and subdural 
haematoma

CT scan or follow-up 
telephone call. Further 
details NR

762/9917 
(7.7%)

Neurosurgery or 
death

Retrospective 
chart review, 
telephone 
follow-up

Borczuk 
199555

Borczuk 199555 ICI: abnormalities believed 
to be related to the trauma

CT scan 1448/1448 
(100%)

NA NA

Duus et al. 
199456

Duus et al. 
199456

Intracranial complications: 
not defined

If admitted: 
observation, CT scan 
if deteriorating level of 
consciousness and/or 
neurological signs

If discharged: 
information sheet 
advising return if 
deterioration

National Danish Patient 
Register checked for 
anyone diagnosed with 
appropriate ICD codes

21/2204 (1%) NA NA

Fabbri et 
al. 2005;57 
Stein et al. 
200971

CCHR,26 
NCWFNS,72 
NICE,19 NOC,27 
Nexus II,62 
Scandinavian73

Stein et al. 200971 – any 
lesion: surgical (intracranial 
haematoma large enough 
to require surgical 
evacuation) or non-
surgical (other intracranial 
abnormality diagnosed 
on CT)

Fabbri et al. 200557 – any 
post-traumatic lesion at 
CT within 7 days from 
trauma: depressed skull 
fracture, intracerebral 
haematoma/brain 
contusions, subarachnoid 
haemorrhage, subdural 
haematoma, epidural 
haematoma, intraventricular 
haemorrhage

Patients were 
managed accord to 
NCWFS guidelines 
where low-risk 
patients sent home 
without CT, medium-
risk patients given 
CT and observed for 
3–6 hours if negative 
then discharged, 
high-risk patients 
given CT and observed 
24–48 hours. All 
discharged with written 
advice of signs and 
symptoms with which 
they should return

4177/7955 
(52.5%)

Stein et al. 
200971 – surgical 
intracranial lesion: 
intracranial 
haematoma large 
enough to require 
surgical evacuation

Fabbri et al.  
2005:57 
haematoma 
evacuation, skull 
fracture elevation 
within first 7 days 
of injury. Injuries 
after this period not 
considered in this 
analysis

Assume 
hospital 
records

Falimirski 
et al. 
200358

Falimirski et al. 
200358

Significant ICI: not 
defined. Injuries recorded 
include subarachnoid 
haemorrhage, subdural 
haematoma, epidural 
haematoma, intracerebral 
haemorrhage, contusion, 
pneumocephaly, skull 
fracture

CT scan 331/331 
(100%)

NA NA
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Author, 
year Rule(s) tested Definition of ICI 

Reference standard 
used for ICI 

Patients who 
had CT, n

Definition of need 
for neurosurgery

Reference 
standard 
used for 
need for 
neurosurgery

Haydel et 
al. 200027

NOC27 ICI – presence of acute 
traumatic ICI: a subdural, 
epidural or parenchymal 
haematoma, subarachnoid 
haemorrhage, cerebral 
contusion or depressed 
skull fracture

CT scan 520/520

(100%)

909/909 
(100%)a

NA NA

Holmes et 
al. 199759

Miller et al. 
199729

Abnormal CT scan: any 
CT scan showing an acute 
traumatic lesion (skull 
fractures or intracranial 
lesions: cerebral 
oedema, contusion, 
parenchymal haemorrhage, 
epidural haematoma, 
subdural haematoma, 
subarachnoid haemorrhage 
or intraventricular 
haemorrhage)

CT scan: patients with 
abnormal CT scan 
followed to discharge; 
those with normal CT 
not studied further

264/264 
(100%)

Neurosurgery Patients with 
abnormal CT 
scan followed 
to discharge

Those with 
normal CT 
not studied 
further

Ibanez 
and Arikan 
200460

Ibanez and 
Arikan 2004,60 
Stein 1996,74

Tomei et al. 
1996,75 Arienta 
et al. 1997,54 
Lapierre 
1998,76 
Murshid 
1998,77 NOC,27 
Scandinavian,73 
SIGN 2000,78 
NCWFNS,72 
CCHR,26 EFNS79

Relevant positive CT scan: 
acute intracranial lesion, 
not including isolated cases 
of linear skull fractures or 
chronic subdural effusions

CT scan 1101/1101 
(100%)

NA NA

Madden et 
al. 199561

Madden et al. 
199561

Clinically significant scan: 
pathology related to trauma 
affecting the bony calvaria 
or cerebrum (including 
non-depressed skull 
fractures, excluding scalp 
haematomas, those with no 
bony skull or intracerebral 
pathology)

CT scan: scans 
examined for bony 
and soft tissue 
injury, herniation, 
pneumocephalus, 
penetrating injury and 
the size and location of 
any cortical contusions, 
lacerations or external 
axial haematomas

537/537 
(100%)

273/273 
(100%)a

NA NA

Miller et al. 
199729

Miller et al. 
199729

Abnormal CT scan: acute 
traumatic intracranial lesion 
(contusion, parenchymal 
haematoma, epidural 
haematoma, subdural 
haematoma, subarachnoid 
haemorrhage) or a skull 
fracture

CT scan: within 
8 hours of injury

2143/2143 
(100%)

Surgical 
intervention: 
craniotomy to 
repair an acute 
traumatic injury 
or placement of a 
monitoring bolt

Hospital 
records of 
those with 
positive CT 
scan followed 
until discharge

continued

TABLE 3 Decision rules for adults with MHI – definitions of outcomes and reference standards used in included studies 
(continued)
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Author, 
year Rule(s) tested Definition of ICI 

Reference standard 
used for ICI 

Patients who 
had CT, n

Definition of need 
for neurosurgery

Reference 
standard 
used for 
need for 
neurosurgery

Mower et 
al. 200562

NEXUS II62 Significant ICI: any 
injury that may require 
neurosurgical intervention, 
(craniotomy, intracranial 
pressure monitoring, 
mechanical ventilation), 
lead to rapid clinical 
deterioration or result 
in significant long-term 
neurological impairment

CT scan 13,728/13,728 
(100%)

NA NA

Ono et al. 
200763

Ono et al. 
200763

Intracranial lesion: not 
defined. Injuries listed 
include subdural and 
epidural haematoma, 
subarachnoid 
haemorrhage, contusion, 
pneumocephalus

CT scan 1064/1064 
(100%),

152/168 
(90.5%)a

NA NA

Reinus et 
al. 199364

Reinus et al. 
199364

CT outcome: intracalvarial 
abnormalities, either axial 
or extra-axial, which could 
not be shown to be chronic

CT scan 355/355 
(100%)

NA NA

Rosengren 
et al. 
200465

CCHR26 Clinically significant ICI: 
CT abnormalities not 
significant if patient 
neurologically intact 
and had only one of the 
following: solitary contusion 
< 5 mm in diameter, 
localised subarachnoid 
blood < 1 mm thick, smear 
subdural haematoma 
< 4 mm thick, isolated 
pneumocephaly, closed 
depressed skull fracture not 
through the inner table (as 
per Stiell et al. 2001)26

CT scan 240/240 
(100%)

Neurological 
intervention: not 
defined

NR

Saadat et 
al. 200966

Saadat et al. 
200966

Positive CT scan: skull 
fracture (including 
depressed, linear, mastoid, 
comminuted, basilar, 
and sphenoid fracture), 
intracranial haemorrhage 
(including epidural, 
subdural, subarachnoid, 
intraparenchymal and 
petechial haemorrhage), 
brain contusion, 
pneumocephalus, midline 
shift and the presence of 
an air–fluid level

CT scan 318/318 
(100%)

NA NA

TABLE 3 Decision rules for adults with MHI – definitions of outcomes and reference standards used in included studies 
(continued)
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Author, 
year Rule(s) tested Definition of ICI 

Reference standard 
used for ICI 

Patients who 
had CT, n

Definition of need 
for neurosurgery

Reference 
standard 
used for 
need for 
neurosurgery

Saboori et 
al. 200767

Saboori et al. 
200767

Intracranial lesion: all acute 
abnormal finding on CT

Normal CT: discharged 
with advice to return 
if symptoms occur, 
1-week follow-up call

Abnormal CT: 
admission, treatment. 
Evaluation at 2 weeks 
and 1 month after 
discharge

682/682 
(100%)

NA NA

Smits et al. 
200568–70 

CCHR,26 
NOC,27 Dutch, 
NCWFNS,72 
EFNS,79 NICE,19 
SIGN, 78 
Scandinavian,73 
CHIP69

Any neurocranial traumatic 
finding on CT: any skull or 
skull base fracture and any 
intracranial traumatic lesion

Smits et al. 2007 (CHIP 
derivation) definition differs: 
any intracranial traumatic 
findings on CT that 
included all neurocranial 
traumatic findings except 
for isolated linear skull 
fractures

CT scan 3181/3181 
(100%)

1307/1307 
(100%)b

Neurosurgery: 
a neurosurgical 
intervention was 
any neurosurgical 
procedure 
(craniotomy, 
intracranial 
pressure 
monitoring, 
elevation of 
depressed 
skull fracture 
or ventricular 
drainage) 
performed within 
30 days of the 
event

Assume 
patient 
records

Stiell et al. 
200126

CCHR26 Clinically important 
brain injury on CT: all 
injuries unless patient 
neurologically intact and 
had one of following: 
solitary contusion < 5 mm, 
localised subarachnoid 
blood < 1 mm thick, smear 
subdural haematoma 
< 4 mm thick, closed 
depressed skull fracture not 
through inner table

1. CT scan ordered 
on basis of judgement 
of physician in ED or 
result of follow-up 
telephone interview

2. Proxy telephone 
interview performed 
by registered nurse 
(24.4%). For those 
whose responses did 
not warrant recall for 
a CT scan this was 
the only reference 
standard

2078/3121 
(67%)

Within 7 days: 
death due to head 
injury, craniotomy, 
elevation of 
skull fracture, 
intracranial 
pressure 
monitoring, 
intubation for head 
injury demonstrated 
on CT

Performance 
of 
neurosurgery 
as reported 
in patient 
records and 
14-day follow-
up telephone 
interview 
(interview 
100% 
sensitive 
for need for 
neurosurgery)

Stiell et al. 
200546

CCHR,26 NOC27 As per Stiell et al. 200126 As per Stiell et al. 
200126

2171/2707 
(80.2%)

1378/1822 
(75.6%)b

As per Stiell et al. 
200126

As per Stiell et 
al. 200126

CHIP, CT in Head Injury Patients; EFNS, European Federation of Neurological Societies; ICD, International Classification of Diseases; NA, 
not applicable; NCWFNS, Neurotraumatology Committee of the World Federation of Neurosurgical Societies; NEXUS II, National Emergency 
X-Radiography Utilization Study II; NR, not reported.
a Different cohort of data.
b Subset of cohort.

TABLE 3 Decision rules for adults with MHI – definitions of outcomes and reference standards used in included studies 
(continued)
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Children and infants
The design and patient characteristics of the 14 studies (representing 16 papers)30,81–95 that 
evaluated the diagnostic performance of clinical decision rules for identifying ICI or need 
for neurosurgery in children and/or infants with MHI are summarised in Table 4. Six 
studies82,84–86,90,91,93,95 recruited only infants or reported a subset of infants-only data. Eight studies 
were from the USA,82,84–6,88,90,91,93–95 one from the USA and Canada,81 and one each from Italy,83 
the UK,30 Turkey,87 Finland89 and Canada.92 Nine studies30,81–87,89,90,92–94 derived a new rule or rules 
and five validated existing rules.30,88–91,95 Three studies both derived and validated rules.30,89,90 Six 
studies30,81,83,90–92,95 were multicentre studies. Eleven studies30,81,83–86,88,90–95 were prospective, one of 
which used a convenience sample,81 seven83–86,88,91,92,94,95 of which recruited consecutive patients, 
and three30,90,93 did not report how the sample was recruited. Three further studies82,87,89 used 
retrospective data. Two studies30,90 were very large with cohorts over 20,000. The smallest study 
was 97 patients.82

The median value for the prevalence of neurosurgery was 1.2% (IQR 0.2% to 1.4%). The median 
value for the prevalence of ICI was 6.5% (IQR 1.0% to 9.8%). Cohorts were not similar in terms 
of inclusion and exclusion criteria. For studies of children, the upper age limit ranged between 
1630,83,87,89,92 and 21 years,81 and the lower limit between 081 and 5 years.88 For infants, the upper 
age limit was usually 2 years, but in one case was 3 years82 of age. Eight studies30,83–85,89,91,93–95 
included all severities of head injury; six81,82,87,88,90,92 recruited those with MHI. Two of these 
studies reported results for a MHI subset of the larger cohort.86,93 Five studies excluded those with 
trivial head injury and/or recruited only those with clinical characteristics consistent with head 
trauma.88,90,92,93,94 Six studies81,84,87,88,91,94 included only those who had a CT scan and two reported a 
subset, all of whom underwent CT.86,93 Selection of patients on the basis of having had a CT scan 
and exclusion on the basis of trivial injury or not presenting with clinical characteristics is likely 
to recruit a patient spectrum with greater risk of ICI.

Definitions of outcomes and the reference standards used varied across studies (Table 5). 
The predominant differences in outcome definition for ICI involve the perception of clinical 
significance, with four cohorts30,89–91,95 having this defined and the remaining ten studies81–88,92–94 
failing to define a positive outcome or just identifying any common acute lesion. The reference 
standards used where CT was not possible for all, and was not an inclusion criterion, usually 
comprised telephone follow-up, review of hospital records or both. The length of follow-up for 
neurosurgery varied from being not reported to following up until discharge, which may not 
capture all neurosurgical procedures leading to inaccurate estimations of diagnostic accuracy. 
Definitions of surgical lesions also varied or were not reported, but most definitions included 
haematoma evacuation and intracranial pressure monitoring; only one mentioned elevation of 
skull fracture explicitly.



© Queen’s Printer and Controller of HMSO 2011. This work was produced by Pandor et al. under the terms of a commissioning contract issued by the 
Secretary of State for Health.

25 Health Technology Assessment 2011; Vol. 15: No. 27DOI: 10.3310/hta15270

TA
B

LE
 4

 D
ec

is
io

n 
ru

le
s 

fo
r 

ch
ild

re
n 

an
d 

in
fa

nt
s 

w
ith

 M
H

I –
 s

tu
dy

 d
es

ig
n 

an
d 

pa
tie

nt
 c

ha
ra

ct
er

is
tic

s 
of

 in
cl

ud
ed

 s
tu

di
es

Author, year

Rule(s) derived

Rule(s) validated

Country

Design

No. of patients,  
n

Mean or median 
age, years 
(range)

Prevalence of 
neurosurgery

Prevalence of ICI

CT as inclusion? 
(yes/no)

Male, n

Patients with 
MHI, n

Prevalence of 
GCS 15, n

Other significant 
inclusion criteria

Other significant 
exclusion criteria

At
ab

ak
i e

t a
l. 

20
08

81

At
ab

ak
i e

t a
l. 

20
08

81

US
A,

 
Ca

na
da

P, 
Cv

10
00

M
ea

n:
 8

.9
 

ye
ar

s 
(N

R)
6/

 10
00

 
(0

.6
%

)
65

/ 1
00

0 
(6

.5
%

)
Ye

s
64

1/
 10

00
 

(6
4.

1%
)

10
00

/ 
10

00
 

(1
00

%
) 

85
2/

 10
00

 
(8

5.
2%

)
Bi

rth
 to

 2
1 

ye
ar

s.
 C

lo
se

d 
he

ad
 tr

au
m

a,
 

un
de

rg
oi

ng
 C

T

Pr
io

r C
T 

at
 re

fe
rri

ng
 

ho
sp

ita
l, 

GC
S 

<
 1

3

Bu
ch

an
ic

h 
20

07
82

Bu
ch

-a
ni

ch
 

20
07

US
A

R
97

M
ea

n:
 1

5.
2 

m
on

th
s 

(N
R)

22
/ 9

7 
(2

2.
7%

)
No

97
/ 

97
(1

00
%

)
NR

<
 3

 y
ea

rs
 o

ld
. 

GC
S 

14
–1

5
Pe

ne
tra

tin
g 

in
ju

rie
s,

 d
ep

re
ss

ed
 

sk
ul

l f
ra

ct
ur

es
, 

in
te

nt
io

na
l i

nj
ur

ie
s,

 
CT

 s
ca

n 
>

 2
4 

ho
ur

s 
af

te
r i

nj
ur

y

Da
 D

al
t e

t a
l. 

20
06

83

Da
 D

al
t e

t a
l. 

20
06

83

Ita
ly

P, 
Cs

38
06

NR
22

/ 3
80

6 
(0

.6
%

)
No

23
15

/ 
38

06
 

(6
0.

8%
)

NR
14

 o
r 

no
rm

al
 

va
lu

e 
fo

r a
ge

; 
37

49
/ 

38
00

 
(9

8.
7%

)

<
 1

6 
ye

ar
s,

 
hi

st
or

y 
of

 b
lu

nt
 

he
ad

 tr
au

m
a 

of
 

an
y 

se
ve

rit
y

Ad
m

itt
ed

 >
 2

4 
ho

ur
s 

af
te

r t
ra

um
a,

 
op

en
 in

ju
rie

s,
 

pr
ev

io
us

 h
is

to
ry

 
of

 n
eu

ro
lo

gi
ca

l 
di

so
rd

er
s 

or
 

bl
ee

di
ng

 d
ia

th
es

is

Di
et

ric
h 

et
 

al
. 1

99
384

Di
et

ric
h 

et
 a

l. 
19

93
84

US
A

P, 
Cs

16
6a

NR
 fo

r t
hi

s 
su

bg
ro

up
a

16
/ 1

66
 

(9
.6

4%
)a

Ye
sa

NR
 fo

r 
th

is
 

su
bg

ro
up

a

NR
 fo

r 
th

is
 

su
bg

ro
up

a

NR
 fo

r 
th

is
 

su
bg

ro
up

a

≥
 2

 y
ea

rs
 to

 
20

 y
ea

rs
, h

ea
d 

tra
um

a,
 w

ith
 C

T 
sc

an
a

Un
ab

le
 to

 a
ns

w
er

 
qu

es
tio

ns
 b

ec
au

se
 

of
 a

ge
 o

r a
lte

re
d 

m
en

ta
l s

ta
tu

sa

71
a

NR
 fo

r t
hi

s 
su

bg
ro

up
a

3/
 71

 
(4

.2
%

)a

Ye
sa

NR
 fo

r 
th

is
 

su
bg

ro
up

a

NR
 fo

r 
th

is
 

su
bg

ro
up

a

NR
 fo

r 
th

is
 

su
bg

ro
up

a

<
 2

 y
ea

rs
, a

s 
ab

ov
ea

As
 a

bo
ve

a

Du
nn

in
g 

et
 

al
. 2

00
630

CH
AL

IC
E30

RC
S 

gu
id

el
in

es
96

UK
P, NR

22
,7

72
M

ea
n:

 5
.7

 
(N

R)
13

7/
 

22
,7

72
 

(0
.6

%
)

16
8/

 
22

,5
79

 
(0

.7
44

%
)

No
14

,7
67

/ 
22

,7
72

 
(6

4.
8%

)

22
,2

98
/ 

22
,7

72
 

(9
7.

9%
)

21
,9

96
/ 

22
,7

72
 

(9
6.

6%
)

<
 1

6 
ye

ar
s.

 
Hi

st
or

y/
 si

gn
s 

of
 in

ju
ry

 to
 

th
e 

he
ad

. L
OC

 
or

 a
m

ne
si

a 
w

as
 n

ot
 a

 
re

qu
ire

m
en

t

Re
fu

sa
l t

o 
co

ns
en

t 
to

 e
nt

ry
 in

to
 th

e 
st

ud
y

co
nt

in
ue

d



26 Assessment of diagnostic accuracy

Author, year

Rule(s) derived

Rule(s) validated

Country

Design

No. of patients,  
n

Mean or median 
age, years 
(range)

Prevalence of 
neurosurgery

Prevalence of ICI

CT as inclusion? 
(yes/no)

Male, n

Patients with 
MHI, n

Prevalence of 
GCS 15, n

Other significant 
inclusion criteria

Other significant 
exclusion criteria

Gr
ee

ne
s 

an
d 

Sc
hu

tz
m

an
 

19
99

,85
 

b 2
00

186

Gr
ee

ne
s 

an
d 

Sc
hu

tz
m

an
 

19
99

85

US
A

P, 
Cs

60
8

M
ea

n:
 1

1.
2 

m
on

th
s ±

  
6.

8 
m

on
th

s 
(N

R)

63
/ 6

08
 

(1
0%

)
No

34
4/

 60
8 

(5
7%

)
NR

NR
<

 2
 y

ea
rs

. 
He

ad
 tr

au
m

a 
(s

ym
pt

om
at

ic
 

an
d 

as
ym

pt
om

at
ic

)

NR

b G
re

en
es

 
an

d 
Sc

hu
tz

m
an

 
20

01
86

17
2b

M
ea

n:
 1

1.
6 

m
on

th
s 

(3
 d

ay
s 

to
 

23
 m

on
th

s)
b

13
/ 1

72
 

(7
.6

%
)b

Ye
sb

NR
b

10
0%

 
(a

ss
um

ed
 

fro
m

 
in

cl
us

io
n 

cr
ite

ria
)b

NR
b

As
ym

pt
om

at
ic

 
su

bs
et

 o
f a

bo
ve

 
co

ho
rt.

 W
ith

 
he

ad
 C

T 
sc

an
b

Sy
m

pt
om

at
ic

b  
pa

tie
nt

s 
w

ith
 a

ny
 

of
 h

is
to

ry
 o

f L
OC

, 
le

th
ar

gy
, i

rri
ta

bi
lit

y,
 

se
izu

re
s,

 th
re

e 
or

 
m

or
e 

ep
is

od
es

 o
f 

em
es

is
, i

rri
ta

bi
lit

y 
or

 d
ep

re
ss

ed
 

m
en

ta
l s

ta
tu

s,
 

bu
lg

in
g 

fo
nt

an
el

le
, 

ab
no

rm
al

 v
ita

l 
si

gn
s 

in
di

ca
tin

g 
in

cr
ea

se
d 

in
tra

cr
an

ia
l 

pr
es

su
re

 o
r f

oc
al

 
ne

ur
ol

og
ic

al
 

fin
di

ng
s

Gu
ze

l e
t a

l. 
20

09
87

Gu
ze

l e
t a

l. 
20

09
87

Tu
rk

ey
R

33
7

NR
67

/ 3
37

 
(1

9.
9%

)
Ye

s 
(a

pp
lie

d 
at

 d
at

a 
ex

tra
ct

io
n 

st
ag

e)
 

22
3/

 33
7 

(6
6.

2%
)

33
7/

 33
7 

(1
00

%
)

30
4/

 33
7 

(9
0.

2%
),

<
 1

6 
ye

ar
s.

 G
CS

 
13

–1
5.

 H
ad

 
CT

 (a
pp

lie
d 

at
 

da
ta

 e
xt

ra
ct

io
n 

st
ag

e)

>
 1

6 
ye

ar
s,

 
m

od
er

at
e 

or
 s

ev
er

e 
he

ad
 in

ju
ry

, n
o 

cl
ea

r h
is

to
ry

 o
f 

tra
um

a,
 o

bv
io

us
 

pe
ne

tra
tin

g 
sk

ul
l 

in
ju

ry
, u

ns
ta

bl
e 

vit
al

 s
ig

ns
, s

ei
zu

re
 

be
fo

re
 a

ss
es

sm
en

t, 
bl

ee
di

ng
 d

is
or

de
r/ 

an
tic

oa
gu

la
nt

s,
 

re
at

te
nd

an
ce

s

TA
B

LE
 4

 D
ec

is
io

n 
ru

le
s 

fo
r 

ch
ild

re
n 

an
d 

in
fa

nt
s 

w
ith

 M
H

I –
 s

tu
dy

 d
es

ig
n 

an
d 

pa
tie

nt
 c

ha
ra

ct
er

is
tic

s 
of

 in
cl

ud
ed

 s
tu

di
es

 (c
on

tin
ue

d)



© Queen’s Printer and Controller of HMSO 2011. This work was produced by Pandor et al. under the terms of a commissioning contract issued by the 
Secretary of State for Health.

27 Health Technology Assessment 2011; Vol. 15: No. 27DOI: 10.3310/hta15270

Author, year

Rule(s) derived

Rule(s) validated

Country

Design

No. of patients,  
n

Mean or median 
age, years 
(range)

Prevalence of 
neurosurgery

Prevalence of ICI

CT as inclusion? 
(yes/no)

Male, n

Patients with 
MHI, n

Prevalence of 
GCS 15, n

Other significant 
inclusion criteria

Other significant 
exclusion criteria

Ha
yd

el
 a

nd
 

Sc
he

m
be

ka
r 

20
03

88

No
c27

US
A

P, 
Cs

17
5

M
ea

n:
 1

2.
8 

(ra
ng

e 
NR

)
6/

 17
5 

(3
.4

%
)

14
/ 1

75
 

(8
%

)
Ye

s 
11

4/
 17

5 
(6

7%
)

10
0%

 
(a

ss
um

ed
 

fro
m

 
in

cl
us

io
n 

cr
ite

ria
)

17
5/

 17
5 

(1
00

%
)

5–
17

 y
ea

rs
. 

W
ith

in
 2

4 
ho

ur
s 

of
 in

ju
ry

, b
lu

nt
 

tra
um

a 
w

ith
 

LO
C,

 n
on

-t
riv

ia
l 

m
ec

ha
ni

sm
 o

f 
in

ju
ry

, C
T 

sc
an

Tr
ivi

al
 in

ju
rie

s,
 

re
fu

se
d 

CT
, 

co
nc

ur
re

nt
 in

ju
rie

s 
pr

ec
lu

de
d 

CT
, 

irr
ita

bl
e 

or
 a

gi
ta

te
d 

(G
CS

 <
 1

5)

Kl
em

et
ti 

et
 

al
. 2

00
989

Kl
em

et
ti 

et
 

al
. 2

00
989

CH
AL

IC
E,

30
 

NE
XU

S 
II,

62
 

UC
D93

Fi
nl

an
d

R
48

5
NR

83
/ 4

85
 

(1
7.

1%
)

No
 

31
3/

 48
5 

(6
5%

)
NR

NR
≤

 1
6 

ye
ar

s.
 

Ad
m

itt
ed

 to
 

pa
ed

ia
tri

cs
 

(u
su

al
ly 

ho
sp

ita
lis

ed
 

ev
en

 a
fte

r M
HI

), 
hi

st
or

y 
of

 h
ea

d 
tra

um
a.

 P
at

ie
nt

s 
id

en
tifi

ed
 b

y 
re

fe
re

nc
e 

to
 

di
sc

ha
rg

e 
di

ag
no

si
s

NR

co
nt

in
ue

d



28 Assessment of diagnostic accuracy

Author, year

Rule(s) derived

Rule(s) validated

Country

Design

No. of patients,  
n

Mean or median 
age, years 
(range)

Prevalence of 
neurosurgery

Prevalence of ICI

CT as inclusion? 
(yes/no)

Male, n

Patients with 
MHI, n

Prevalence of 
GCS 15, n

Other significant 
inclusion criteria

Other significant 
exclusion criteria

c K
up

pe
rm

an
 

et
 a

l. 
20

09
90

c P
EC

AR
N 

(≥
 2

 y
ea

rs
 to

 
<

 1
8 

ye
ar

s)
90

US
A

P, NR
25

,2
83

c
NR

 fo
r t

hi
s 

su
bs

et
c

21
5/

 
25

,2
83

 
(0

.9
%

)c

No
c

NR
c

25
,2

83
/ 

25
,2

83
 

(1
00

%
)c

24
,5

63
/ 

25
,2

83
 

(9
7.

2%
)c

≥
 2

 y
ea

rs
 to

 
<

 1
8 

ye
ar

s.
 

Ch
ild

re
n 

pr
es

en
tin

g 
w

ith
in

 2
4 

ho
ur

s 
GC

S 
≥

 1
4c

Tr
ivi

al
 in

ju
rie

s,
 

pe
ne

tra
tin

g 
tra

um
a,

 k
no

w
n 

br
ai

n 
tu

m
ou

rs
, 

pr
e-

ex
is

tin
g 

ne
ur

ol
og

ic
al

 
di

so
rd

er
s,

 o
r 

ne
ur

oi
m

ag
in

g 
be

fo
re

 tr
an

sf
er

. 
Co

ag
ul

op
at

hy
, 

sh
un

ts
, G

CS
 <

 1
4c

c P
EC

AR
N 

(<
 2

 y
ea

rs
)90

85
02

c
73

/ 8
50

2 
(0

.9
%

)c

No
c

NR
c

85
02

/ 
85

02
 

(1
00

%
)c

81
36

/ 
85

02
 

(9
5.

7%
)c

As
 a

bo
ve

,  
<

 2
 y

ea
rs

c

As
 a

bo
ve

c

PE
CA

RN
 

(2
 y

ea
rs

 to
 

<
 1

8 
ye

ar
s)

90

64
11

c
11

/ 6
41

1 
(0

.2
%

)c

63
/ 6

41
1 

(1
%

)c

No
c

NR
c

64
11

/ 
64

11
 

(1
00

%
)c

62
48

/ 
64

11
 

(9
7.

5%
)c

As
 fo

r d
er

iva
tio

n 
co

ho
rtc

As
 fo

r d
er

iva
tio

n 
co

ho
rtc

PE
CA

RN
  

(<
 2

 y
ea

rs
)90

22
16

c
5/

 22
16

 
(0

.2
%

)c

25
/ 2

21
6 

(1
.1

%
)c

No
c

NR
c

22
16

/ 
22

16
 

(1
00

%
)c

21
24

/ 
22

16
 

(9
5.

8%
)c

As
 fo

r d
er

iva
tio

n 
co

ho
rtc

As
 fo

r d
er

iva
tio

n 
co

ho
rtc

TA
B

LE
 4

 D
ec

is
io

n 
ru

le
s 

fo
r 

ch
ild

re
n 

an
d 

in
fa

nt
s 

w
ith

 M
H

I –
 s

tu
dy

 d
es

ig
n 

an
d 

pa
tie

nt
 c

ha
ra

ct
er

is
tic

s 
of

 in
cl

ud
ed

 s
tu

di
es

 (c
on

tin
ue

d)



© Queen’s Printer and Controller of HMSO 2011. This work was produced by Pandor et al. under the terms of a commissioning contract issued by the 
Secretary of State for Health.

29 Health Technology Assessment 2011; Vol. 15: No. 27DOI: 10.3310/hta15270

Author, year

Rule(s) derived

Rule(s) validated

Country

Design

No. of patients,  
n

Mean or median 
age, years 
(range)

Prevalence of 
neurosurgery

Prevalence of ICI

CT as inclusion? 
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Male, n

Patients with 
MHI, n

Prevalence of 
GCS 15, n
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inclusion criteria
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exclusion criteria

d O
m

an
 

20
06

;91
 d S

un
 

et
 a

l. 
20

07
95

d N
EX

US
 II

,62
 

UC
D93

US
A

P, 
Cs

16
66

d
NR

d
13

8/
 16

66
 

(8
.3

%
)d

Ye
sd

10
72

/ 
16

66
 

(6
4%

)d

NR
d

NR
d

<
 1

8 
ye

ar
s.

 
Ha

d 
CT

 s
ca

n 
(p

hy
si

ci
an

s 
di

sc
re

tio
n)

, 
ac

ut
e 

bl
un

t 
he

ad
 tr

au
m

ad

De
la

ye
d 

pr
es

en
ta

tio
n,

 
w

ith
ou

t b
lu

nt
 

tra
um

a 
(p

en
et

ra
tin

g 
tra

um
a)

d

d N
EX

US
 II

91
30

9d
25

/ 3
09

 
(8

.1
%

)d

Ye
sd

17
0/

 30
9 

(5
5%

)d

NR
d

NR
d

Su
bs

et
 o

f a
bo

ve
, 

<
 3

 y
ea

rs
 o

f 
ag

ed

As
 a

bo
ve

d

d U
CD

95
20

8d
7/

 20
8 

(3
.4

%
)d

Ye
sd

NR
 fo

r 
th

is
 

su
bg

ro
up

d

NR
d

NR
d

Su
bs

et
 o

f a
bo

ve
, 

<
 2

 y
ea

rs
 o

f 
ag

ed

As
 a

bo
ve

d

Os
m

on
d 

et
 

al
. 2

00
692

CA
TC

H 
fo

r 
IC

I,92
 C

AT
CH

 
fo

r N
eu

ro
-

su
rg

er
y92

Ca
na

da
P, 

Cs
37

81
M

ea
n:

 9
.2

 
(N

R)
27

/ 3
78

1 
(0

.7
%

)
17

0/
 37

81
 

(4
.5

%
)

No
 

24
58

 
(6

5%
)

37
81

/ 
37

81
 

(1
00

%
)

34
14

/ 
37

81
 

(9
0.

3%
)

≤
 1

6 
ye

ar
s.

 
GC

S 
13

–1
5,

 
do

cu
m

en
te

d 
LO

C,
 a

m
ne

si
a,

 
di

so
rie

nt
at

io
n,

 
pe

rs
is

te
nt

 
vo

m
iti

ng
 o

r 
irr

ita
bi

lit
y 

(if
 

≤
 2

 y
ea

rs
 o

f 
ag

e)
e

NR

co
nt

in
ue

d



30 Assessment of diagnostic accuracy

Author, year

Rule(s) derived

Rule(s) validated

Country

Design

No. of patients,  
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(range)

Prevalence of 
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Prevalence of ICI

CT as inclusion? 
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exclusion criteria

Pa
lc

ha
k 

et
 

al
. 2

00
393

UC
D 

(n
eu

ro
-

su
rg

er
y)

,93
 

UC
D 

(in
te

rv
en

tio
n 

or
 b

ra
in

 
in

ju
ry

)93

US
A

P, NR
20

43
M

ea
n:

 
8.

3 
±

 5
.3

 
(1

0 
da

ys
 to

 
17

.9
 y

ea
rs

)

29
/ 2

04
3 

(1
.4

%
)

No
13

23
/ 

20
43

 
(6

5%
)

NR
GC

S 
14

 
or

 1
5:

 
18

59
/ 

20
43

 
(9

1%
)

<
 1

8 
ye

ar
s.

 
Hi

st
or

y 
of

 n
on

-
tri

via
l b

lu
nt

 
he

ad
 tr

au
m

a 
w

ith
 fi

nd
in

gs
 

co
ns

is
te

nt
 w

ith
 

he
ad

 tr
au

m
a:

 
LO

C,
 a

m
ne

si
a,

 
se

izu
re

s,
 

vo
m

iti
ng

, 
cu

rre
nt

 
he

ad
ac

he
, 

di
zz

in
es

s,
 

na
us

ea
 o

r 
vis

io
n 

ch
an

ge
 

or
 p

hy
si

ca
l 

ex
am

in
at

io
n 

fin
di

ng
s 

of
 

ab
no

rm
al

 
m

en
ta

l 
st

at
us

, f
oc

al
 

ne
ur

ol
og

ic
al

 
de

fic
its

, c
lin

ic
al

 
si

gn
s 

of
 s

ku
ll 

fa
ct

ur
e 

or
 s

ca
lp

 
tra

um
a

Tr
ivi

al
 in

ju
rie

s,
 

ne
ur

oi
m

ag
in

g 
be

fo
re

 tr
an

sf
er

UC
D 

(T
BI

)93
10

98
NR

 fo
r t

hi
s 

su
bs

et
39

/ 1
09

8 
(3

.6
%

)
Ye

s
NR

 fo
r 

th
is

 
su

bs
et

10
98

/ 
10

98
 

(1
00

%
)

GC
S 

14
 

or
 1

5:
 

10
98

/ 
10

98
 

(1
00

%
)

Su
bs

et
 o

f a
bo

ve
 

co
ho

rt;
 G

CS
 

14
–1

5 
an

d 
ha

d 
CT

 s
ca

n 
on

ly

As
 a

bo
ve

UC
D 

(T
BI

)93
19

4
NR

 fo
r t

hi
s 

su
bs

et
15

/ 1
94

 
(7

.7
3%

)
Ye

s
NR

 fo
r 

th
is

 
su

bs
et

19
4/

 19
4 

(1
00

%
)

NR
 fo

r 
th

is
 

su
bs

et

Su
bs

et
 o

f a
bo

ve
 

co
ho

rt 
(h

ad
 C

T 
sc

an
 G

CS
 1

4 
or

 
15

), 
≤

 2
 y

ea
rs

As
 a

bo
ve

TA
B

LE
 4

 D
ec

is
io

n 
ru

le
s 

fo
r 

ch
ild

re
n 

an
d 

in
fa

nt
s 

w
ith

 M
H

I –
 s

tu
dy

 d
es

ig
n 

an
d 

pa
tie

nt
 c

ha
ra

ct
er

is
tic

s 
of

 in
cl

ud
ed

 s
tu

di
es

 (c
on

tin
ue

d)



© Queen’s Printer and Controller of HMSO 2011. This work was produced by Pandor et al. under the terms of a commissioning contract issued by the 
Secretary of State for Health.

31 Health Technology Assessment 2011; Vol. 15: No. 27DOI: 10.3310/hta15270

Author, year

Rule(s) derived

Rule(s) validated

Country

Design

No. of patients,  
n

Mean or median 
age, years 
(range)

Prevalence of 
neurosurgery

Prevalence of ICI

CT as inclusion? 
(yes/no)

Male, n

Patients with 
MHI, n

Prevalence of 
GCS 15, n

Other significant 
inclusion criteria

Other significant 
exclusion criteria

Qu
ay

le
 e

t a
l. 

19
97

94

Qu
ay

le
 e

t a
l. 

19
97

94

US
A

P, 
Cs

32
1

M
ea

n:
 

4 
ye

ar
s 

 
10

 m
on

th
s 

(2
 w

ee
ks

 to
 

17
.7

5 
ye

ar
s)

27
/ 3

21
 

(8
.4

%
)

Ye
s 

18
9/

 32
1

(5
9%

)

NR
NR

<
 1

8 
ye

ar
s.

 
No

n-
tri

via
l 

in
ju

ry
: 

sy
m

pt
om

s 
su

ch
 

as
 h

ea
da

ch
e,

 
am

ne
si

a,
 

vo
m

iti
ng

, 
dr

ow
si

ne
ss

, 
LO

C,
 s

ei
zu

re
, 

di
zz

in
es

s 
or

 
si

gn
ifi

ca
nt

 
ph

ys
ic

al
 fi

nd
in

gs
 

in
cl

ud
in

g 
al

te
re

d 
m

en
ta

l s
ta

tu
s,

 
ne

ur
ol

og
ic

al
 

de
fic

it 
an

d 
al

te
re

d 
su

rfa
ce

 
an

at
om

y.
 S

ca
lp

 
la

ce
ra

tio
n 

or
 a

br
as

io
n 

in
 in

fa
nt

s 
<

 1
2 

m
on

th
s,

 
sc

al
p h

ae
m

at
om

a 
in

 in
fa

nt
s 

<
 2

4 
m

on
th

s

Tr
ivi

al
 h

ea
d 

in
ju

rie
s,

 
pe

ne
tra

tin
g 

he
ad

 
in

ju
rie

s

CA
TC

H,
 C

an
ad

ia
n 

As
se

ss
m

en
t o

f T
om

og
ra

ph
y 

fo
r C

hi
ld

ho
od

 In
ju

ry
; C

s,
 c

on
se

cu
tiv

e;
 C

v, 
co

nv
en

ie
nc

e;
 N

EX
US

 II
, N

at
io

na
l E

m
er

ge
nc

y 
X-

Ra
di

og
ra

ph
y 

Ut
iliz

at
io

n 
St

ud
y 

II;
 P

, p
ro

sp
ec

tiv
e;

 N
R,

 n
ot

 re
po

rte
d;

 P
EC

AR
N,

 P
ae

di
at

ric
 

Em
er

ge
nc

y 
Ca

re
 A

pp
lie

d 
Re

se
ar

ch
 N

et
w

or
k;

 R
, r

et
ro

sp
ec

tiv
e;

 R
CS

, R
oy

al
 C

ol
le

ge
 o

f S
ur

ge
on

s;
 U

CD
, U

ni
ve

rs
ity

 o
f C

al
ifo

rn
ia

–D
av

is
 ru

le
.

a 
Di

et
ric

h 
et

 a
l.:

84
 la

rg
e 

co
ho

rt 
w

as
 s

pl
it 

in
to

 tw
o 

se
pa

ra
te

 c
oh

or
ts

 o
f d

iff
er

en
t a

ge
s.

b 
Gr

ee
ne

s 
an

d 
Sc

hu
tz

m
an

86
 d

er
ive

d 
ru

le
 fo

r a
sy

m
pt

om
at

ic
 s

ub
se

t o
f o

rig
in

al
 c

oh
or

t r
ep

or
te

d 
in

 G
re

en
es

 a
nd

 S
ch

ut
zm

an
,85

 u
si

ng
 o

nl
y 

th
os

e 
w

ith
 C

T.
c 

Ku
pp

er
m

an
 e

t a
l.90

 re
po

rt 
tw

o 
se

pa
ra

te
 c

oh
or

ts
 o

f p
at

ie
nt

s,
 w

ith
 e

ac
h 

co
ho

rt 
sp

lit
 in

to
 tw

o 
gr

ou
ps

 o
f d

iff
er

en
t a

ge
s.

d 
Om

an
91

 a
nd

 S
un

 e
t a

l.95
 u

se
 a

 s
ub

se
t o

f t
he

 N
EX

US
 II

 d
er

iva
tio

n 
co

ho
rt;

62
 a

ll 
co

ho
rts

 re
po

rte
d 

he
re

 a
re

 s
ub

gr
ou

ps
 w

ith
 o

ve
rla

pp
in

g 
pa

tie
nt

s.
e 

Fr
om

 M
eh

ta
.97



32 Assessment of diagnostic accuracy

TABLE 5 Decision rules for children and infants with MHI: definitions of outcomes and reference standards used in 
included studies

Author, year
Rule(s) 
tested Definition of ICI 

Reference standard 
used for ICI 

Patients who 
had CT, n

Definition 
of need for 
neurosurgery

Reference 
standard used 
for need for 
neurosurgery

Atabaki et 
al. 200881

Atabaki et 
al. 200881

ICI: subdural, epidural, 
subarachnoid, 
intraparenchymal 
and intraventricular 
haemorrhages as well as 
contusion and cerebral 
oedema

CT scan 1000/1000 
(100%)

Neurosurgery, 
including 
craniotomy, 
craniectomy, 
evacuation or 
intracranial 
pressure 
monitoring

Medical 
record review 
(unclear when 
performed)

Buchanich 
200782

Buchanich 
200782

ICI: intracranial haematoma, 
intracranial haemorrhage, 
cerebral contusion and/or 
cerebral oedema

CT scan

Follow-up questionnaire/
telephone interview

97/97 (100%) NA NA

Da Dalt et al. 
200683

Da Dalt et 
al. 200683

ICI: identified on CT either 
at initial ER presentation 
or during any hospital 
admission or readmission

CT scan obtained at 
discretion of treating 
physician

All children discharged 
immediately from ER or 
after short observation 
received a follow-up 
telephone interview 
approximately 10 days 
later. Hospital records 
were checked for 
readmissions for 1 month 
after conclusion of study

79/3806 (2%) NA NA

Dietrich et 
al. 199384

Dietrich et 
al. 199384

Intracranial pathology: 
epidural or subdural 
haematoma, cerebral 
contusions or lacerations, 
intraventricular 
haemorrhage 
pneumocephaly or cerebral 
oedema, with or without 
skull fracture

CT scan 166/166 
(100%)

71/71 (100%)a

NA NA

Dunning et 
al. 200630

CHALICE,30 
RCS 
guidelines96

Clinically significant ICI: 
death as a result of head 
injury, requirement for 
neurosurgical intervention 
or marked abnormalities on 
the CT scan

All patients treated 
according to RCS 
guidelines. This 
recommends admission 
for those at high risk 
and CT scan for those at 
highest risk

Follow-up: all patients 
who were documented 
as having had a skull 
radiograph, admission 
to hospital, CT scan 
or neurosurgery were 
followed up

744/22,772 
(3.3%)

NR NR, assume as 
for ICI
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Author, year
Rule(s) 
tested Definition of ICI 

Reference standard 
used for ICI 

Patients who 
had CT, n

Definition 
of need for 
neurosurgery

Reference 
standard used 
for need for 
neurosurgery

Greenes and 
Schutzman 
1999,85 
200186

Greenes 
and 
Schutzman 
1999,85 
200186

Greenes and Schutzman 
199985

ICI: acute intracranial 
haematoma, cerebral 
contusion and/or diffuse 
brain swelling evident on 
head CT

Greenes and Schutzman 
200186

ICI: cerebral contusion, 
cerebral oedema or 
intracranial haematoma 
noted on CT

Greenes and Schutzman 
199985

CT scan, follow-up calls, 
review of medical records

Greenes and Schutzman 
200186

CT scan

188/608 (31%). 
73 symptomatic 
patients did not 
receive CT85

b172/172 
(100%)86

NA NA

Guzel et al. 
200987

Guzel et al. 
200987

Positive CT scan: definition 
NR

CT scan 337/337 
(100%)

NA NA

Haydel and 
Schembekar 
200388

NOC27 ICI on head CT: any acute 
traumatic intracranial 
lesion, including subdural 
epidural or parenchymal 
haematoma, subarachnoid 
haemorrhage, cerebral 
contusion or depressed 
skull fracture

CT scan 175/175 
(100%)

Need for 
neurosurgical 
or medical 
intervention in 
patients with ICI 
on CT

All patients 
with abnormal 
CT scan 
admitted and 
followed until 
discharge

Klemetti et 
al. 200989

Klemetti et 
al. 2009,89 
CHALICE,30 
NEXUS II,62 
UCD93

Complicated or severely 
complicated head trauma: 
brain contusion, skull base 
fracture, skull fracture. 
Patients who required 
neurosurgical intervention, 
patients who succumbed, 
epidural haematoma, 
subdural haematoma, 
subarachnoid haematoma, 
intracerebral haematoma

Hospital records 242/485 
(49.9%)

NA NA

Kupperman 
et al. 200990

Kupperman 
et al. 
200990

Clinically important brain 
injury: death from TBI, 
neurosurgery, intubation 
for > 24 hours for TBI, or 
hospital admission of two 
nights or more associated 
with TBI on CT. Brief 
intubation for imaging and 
overnight stay for minor CT 
findings not included

CT scans, medical 
records, and telephone 
follow-up.

Those admitted: medical 
records, CT scan results

Those discharged: 
telephone survey 7 to 
90 days after the ED 
visit, and medical records 
and county morgue 
records check for those 
uncontactable

9420/25,283 
(37.3%)c

2632/8502 
(31.0%)c

2223/6411 
(34.7%)c

694/2216 
(31.3%)c

NR NR for 
neurosurgery. 
Assume as 
for ICI

Oman 
2006;91 aSun 
et al. 200795

NEXUS II,62 
UCD93

Clinically important/
significant ICI: any 
injury that may require 
neurosurgical intervention, 
lead to rapid clinical 
deterioration, or result 
in significant long-term 
neurological impairment

CT scan 1666/1666 
(100%)d

309/309 
(100%)d

208/208 
(100%)d

NA NA

continued

TABLE 5 Decision rules for children and infants with MHI: definitions of outcomes and reference standards used in 
included studies (continued)
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Quality of included studies
Adults
The methodological quality assessment of each included study is summarised in Figures 2 and 
3. Overall, most of the included studies were well reported and generally satisfied the majority 
of the quality assessment items of the QUADAS tool, but with notable exceptions.54–57,71 Despite 
poor reporting of the reference standards in most studies, the main source of variation was for 
patient spectrum, which will affect comparability across cohorts and application of conclusions 
to practice.

The spectrum of patients was appropriate in only one study,66 was unclear in three studies54,56,60 
and did not completely match the desired patient spectrum in the remaining 15 studies, often 
because patients were selected on the basis of having a clinical characteristic at presentation 
(Table 2). Although 11 studies carried out CT in all participants,27,55,58–65,67 they did not state 
whether CT was performed within 24 hours and were therefore rated as unclear for the ICI 
reference standard quality assessment item. A further three cohorts performed CT on all 

Author, year
Rule(s) 
tested Definition of ICI 

Reference standard 
used for ICI 

Patients who 
had CT, n

Definition 
of need for 
neurosurgery

Reference 
standard used 
for need for 
neurosurgery

Osmond et 
al. 200692

CATCH92 Brain injury CT scan

14-day telephone 
interview

NR Neurosurgery: 
craniotomy, 
elevation of 
skull fracture, 
intubation, 
intracranial 
pressure 
monitor and/or 
anticonvulsants 
within 7 dayse

NR

Palchak et 
al. 200393

UCD93 TBI identified on CT scan 
or TBI requiring acute 
intervention or intervention 
by one or more of: 
neurosurgical procedure, 
ongoing antiepileptic 
pharmacotherapy beyond 
7 days, the presence of 
a neurological deficit that 
persisted until discharge 
from the hospital, or 
two or more nights of 
hospitalisation because of 
treatment of the head injury

CT or performance of 
intervention

1271/2043 
(62.2%)

1098/1098 
(100%)

194/194 
(100%)

Need for 
neurosurgical 
intervention

NR

Quayle et al. 
199794

Quayle et 
al. 199794

ICI: definition NR CT scan 321/321 
(100%)

NA NA

CATCH, Canadian Assessment of Tomography for Childhood Injury; Cs, consecutive; Cv, convenience; NA, not applicable; NEXUS II, National 
Emergency X-Radiography Utilization Study II; NR, not reported; P, prospective; PECARN, Paediatric Emergency Care Applied Research Network; R, 
retrospective; RCS, Royal College of Surgeons; UCD, University of California–Davis rule.
a Dietrich et al.:84 large cohort was split into two separate cohorts of different ages.
b Greenes and Schutzman86 derived rule for asymptomatic subset of original cohort reported in Greenes and Schutzman,85 using only those 

with CT.
c Kupperman et al.90 report two separate cohorts of patients, with each cohort split into two groups of different ages.
d Oman91 and Sun et al.95 use a subset of the NEXUS II derivation cohort;62 all cohorts reported here are subgroups with overlapping patients.
e From Mehta.97

TABLE 5 Decision rules for children and infants with MHI: definitions of outcomes and reference standards used in 
included studies (continued)
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participants within 24 hours and so scored well.29,66,68–70 The remaining five studies did not 
perform CT in all participants and so scored negatively for this item.26,46,54,56,57 The reference 
standard for neurosurgery was not reported for two studies54,68–70 and not considered adequate in 
the remaining six.26,29,46,57,59,65,71 This was usually because not all patients were followed up.

Partial verification bias was largely avoided, with only two cohorts scoring unclear54 or 
negatively.57,71 However, these two cohorts were large, and one reported results for a number 
of rules.71 Partial verification bias may be more of an issue for the neurosurgery data as no 
cohort scored well. Differential verification bias for ICI may have affected results in the same 
large cohort reporting several rules.57,71 Here participants received different reference standards 
according to clinical characteristics at presentation or the judgement of the treating physician. 
Criteria for CT were identical to the rule being tested in the case of the Neurotraumatology 
Committee of the World Federation of Neurosurgical Societies (NCWFNS)72 rule. In four 
cases26,46,54,56 it was unclear, although the majority avoided differential verification bias. For 
neurosurgery, it was unclear if differential verification bias was avoided in six cohorts26,46,54,57,65,68–71 
and was scored negatively in two cohorts.29,59

The execution of the index test was well described in all studies. The execution of the reference 
standards (either one or both) was not reported well in nine studies54–59,63,65,68 and scored 
negatively for this item. Diagnostic and test review biases may affect results as less than half of the 
studies scored well for blinding; the index test was interpreted blind in eight cases,26,27,29,46,58,62,64,66, 
but blinding status was unclear in 11.54–57,59,60,61,63,65,67–70 The reference standard was interpreted 
blind in seven cases,26,46,60–62,66,67 and was not interpreted blind in two cases;64,68–70 blinding status 

was unclear in ten cases.27,29,54–59,63,65 Studies were of mixed quality for clinical review bias, with 
almost equal numbers scoring in each quality category. Information about uninterpretable results 
was only given in one study,64 with all other studies scoring unclear for this item. Studies scored 
well for withdrawals, with only four studies55,57,59,65,71 scoring unclear because it was not apparent 
whether all patients were accounted for at the end of the study.

Children and infants
The methodological quality assessment of each included study is summarised in Figures 4 and 
5. Overall, most of the included studies were poorly reported and did not satisfy the majority 
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Test execution details reported?

Reference standard execution details reported?

Test review bias avoided?

Diagnostic review bias avoided?
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0% 25% 50% 100%75%

FIGURE 2 Decision rules for adults with MHI – methodological quality graph. Review authors’ judgements about each 
methodological quality item presented as percentages across all included studies.
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of the quality assessment items of the QUADAS tool. The study30 that scored the most negatives 
and fewest positives was also one of the two large cohorts (> 20,000), and consequently has the 
potential to influence the results. This study scored poorly mainly owing to the use of pragmatic 
reference standards.

The patient spectrum item scored worst overall, with only one study (which was one of the large 
studies) scoring positively.90 Studies failed this quality item for a range of reasons and sometimes 
for multiple reasons. Problems included selecting only patients who had had a CT scan or those 
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who presented with clinical characteristics, including patients with all severities of head injury, 
recruiting patients regardless of time since injury and using a retrospective design.

The reference standard for ICI was of a mixed standard: only three scored positively.84–86,94 
Although, a further four81,87,88,91,95 did undertake CT in all participants, they failed to state 
whether this was within 24 hours and so scored unclear. The remaining seven studies scored 
negatively30,82,83,89,90,93 or unclear.92 This represents a potential source of bias. Equally, the reference 
standards for neurosurgery scored negatively or unclear in all but one study.93

Studies were well reported in terms of description of selection criteria and test execution details, 
with 1230,81–88,90,92–94 and 1130,81–88,90,91,93 studies, respectively, reporting these criteria adequately. 
Descriptions of the execution of the reference standard were mixed, with just over half scoring 
well.30,81,82,84–86,88,89,91,95 Uninterpretable results were not reported in 10 studies81–83,85,86,88,92,93 and so 
scored unclear for this item.

Partial verification bias was generally avoided (11 studies scored well)81–91,94,95 for ICI where 
a reference standard was applied to all participants, but not for neurosurgical outcomes, for 
which only one study scored well.81 The picture was less clear for differential verification bias 
of ICI, with three scoring negatively30,83,88 and almost equal numbers scoring well81,84–87,91,94,95 
and unclear82,89,90,92,93 where, for example, it was not clear whether or not clinical characteristics 
(index test) may have contributed to the decision to give CT rather than follow-up as a reference 
standard. There is some potential for this bias to affect the results, especially as neither large 
cohort30,90 scored well. For neurosurgical outcomes only one study scored well.81 Blinding was 
generally poorly reported, with seven studies scoring unclear82–84,87,89,92,94 for the test review bias 
and 11 studies30,81–89,92,93 scoring unclear for the diagnostic review bias. However, six studies 
scored well for test review bias.81,85,86,88,90,91,93,95 Clinical review bias was avoided in retrospective 
studies by definition, but for most it was unclear81–83,85,86,88,92,93 or negative.90,91,95 There is potential 
for these biases to affect the results. Few studies reported withdrawals and so most scored well 
for this item.81,82,85–89,91–95

Yes (high quality)
Unclear
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Not applicable
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Reference standard intracranial injury adequate?

Reference standard neurosurgery adequate?

Partial verification bias avoided intracranial injury?

Partial verification bias avoided neurosurgery?
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Withdrawals accounted for?
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FIGURE 4 Decision rules for children and infants with MHI – methodological quality graph. Review authors’ judgements 
about each methodological quality item presented as percentages across all included studies.
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Summary of test accuracy results: clinical decision rules
Adults
From the 19 studies reporting diagnostic data for decision rules for adults with MHI, a total 
of 25 decision rules1,19,20,26,27,29,54–56,58,60–64,66,67,69,72–77,79 were identified and are outlined in Tables 6 
and 7a and b. Eleven rules1,19,26,27,54,61–63,72,73,78,79 were evaluated in more than one data set and 
one further rule29 was evaluated in two cohorts: one of GCS 15 (derivation cohort)29 and one 
of GCS 14.59 Nine of the decision rules1,19,26,70,72–75,78,79 existed in two forms: one to identify those 
most at risk (termed variously as high risk, mandatory, emergency, moderate and strict) and a 
second more inclusive version to identify those at medium risk (termed variously as medium 
risk, recommended, urgent, mild and lenient). These two risk categories were often intended to 
identify those at risk of needing neurosurgery (high risk) and those at risk of ICI (medium risk).

Figures 6 and 7 show the sensitivities and specificities for any ICI and neurosurgical injury, 
respectively, for rules that have been evaluated in multiple cohorts. Figures 8 and 9 show the 
corresponding parameters for rules that have been evaluated in only one cohort.
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TABLE 7a Decision rules for adults with MHI – summary of rules applicable to adults with MHI for which only one data 
set is availablea

Criteria

Borczuk 
199555

Ibanez 
and Arikan 
200460 Stein 199674 Tomei et al. 199675 Murshid 199877

Duus et 
al. 1994;56 
admission, 
CT based on 
deterioration

Decision rule

Risk category Moderate 
category

Mild 
category

CT or 
radiography 
and 
observation

CT

Tested in Borczuk 
199555

Ibanez 
and Arikan 
200460

bIbanez 
and Arikan 
200460

bIbanez 
and 
Arikan 
200460

bIbanez 
and Arikan 
200460

bIbanez 
and Arikan 
200460

Ibanez and Arikan 
200460

Duus et al. 
199456

Eligibility 
criteriac

GCS 13–15 
and clinical 
characteristics

GCS 14–15 Minor closed head 
injury

GCS 14–15, some 
exclusions

GCS 13–15 MHI, able to walk 
and talk

Mental status GCS 14 GCS 13 GCS 14 or 
impaired 
alertness 
or memory

GCS14 
(confused)

GCS < 15 Impaired 
consciousness or 
unconsciousness 
in ED

Focal/
neurological 
deficits

Present Neurological 
deficit

Present Neurological 
deficit

Present

Skull fracture Signs of 
basilar skull 
fracture

Signs of 
skull base 
fracture

Signs of basilar 
or depressed 
fracture

Suspected skull 
fracture

LOC Any ≥ 5 
minutes

< 5 
minutes

Any > 15 minutes 
(witnessed)

Vomiting Any Persistent/
progressive

Age > 60 years ≥ 65 years

Amnesia For event Any Any > 15 minutes

Coagulopathy

Seizures Seizures History of 
convulsions

Visible injury Cranial soft 
tissue injury

Scalp 
contusion

Intoxication Alcohol (when 
mental status 
does not improve 
after several 
hours)

Behaviour Confusion or 
aggression

Headache Mild-to-
moderate or 
severe

Diffuse Diffuse Persistent or 
progressive

Previous 
neurosurgery

Failure to 
improve

Plus conditions 
that interfere 
with assessment 

Mechanism of 
injury

continued
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Criteria

Borczuk 
199555

Ibanez 
and Arikan 
200460 Stein 199674 Tomei et al. 199675 Murshid 199877

Duus et 
al. 1994;56 
admission, 
CT based on 
deterioration

Decision rule

Deterioration 
in mental 
status

Other Pain in 
impact area, 
dizziness

Children 
≤ 3 years with 
symptoms 

TABLE 7a Decision rules for adults with MHI – summary of rules applicable to adults with MHI for which only one data 
set is availablea (continued)

TABLE 7b Decision rules for adults with MHI – summary of rules applicable to adults with MHI for which only one data 
set is availablea

Criteria

Reinus et 
al. 199364

Saboori et al. 
200767

Falimirski et al. 
200358

Dutch (reported in 
Smits et al. 200770)

CHIP detailed 
or simpled 
(Smits et al. 
2007)69

Saadat et 
al. 200966

Miller et al. 
199729

Decision rule

Risk category Strict Lenient

Tested in Reinus et al. 
199364

Saboori et al. 
200767

Falimirski et al. 
200358

Smits et al. 
200770

Smits 
et al. 
200770

Smits et al. 
200769

Saadat et 
al. 200966

Miller et 
al. 1997;29 
Holmes et al. 
199759

Eligibility 
criteriac

Closed or 
penetrating 
trauma to 
the head

GCS 15 With clinical 
characteristics

Unknown GCS score 
13–14 or 
GCS 15, 
with clinical 
characteristics

Blunt head 
trauma, 
some 
exclusions

Tested in 
GCS 15 and 
GCS 14, 
with clinical 
characteristics

Mental status Mental status 
changes

GCS 13–14 GCS < 15e GCS < 14, 
GCS < 15f

Focal/
neurological 
deficits

History 
of focal 
neurological 
deficit

Positive 
neurological 
examination

Focal 
neurological 
deficit

Neurological 
deficit

Focal 
neurological 
deficitsg

Neurological 
deficite

Skull fracture Skull fracture Haemotympanum Clinical signse Racoon 
sign

Skull 
depression on 
examination

LOC Witnessed LOC LOCe

Vomiting Any Nausea/emesis Vomitingg Vomitinge After 
impact

Vomiting, 
nausea

Age > 60 years > 60 yearsg ≥ 60 yearse, 
40–60 yearsh

≥ 65 years

Amnesia History of 
amnesia

Definite PTA PTA

Persistent 
anterograde 
amnesiag

PTA PTA ≥  
4 hourse

Persistent 
anterograde 
amnesiah

PTA of 2 to 
< 4 hoursh

For impact
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TABLE 7b Decision rules for adults with MHI – summary of rules applicable to adults with MHI for which only one data 
set is availablea (continued)

Criteria

Reinus et 
al. 199364

Saboori et al. 
200767

Falimirski et al. 
200358

Dutch (reported in 
Smits et al. 200770)

CHIP detailed 
or simpled 
(Smits et al. 
2007)69

Saadat et 
al. 200966

Miller et al. 
199729

Decision rule

Coagulopathy Coagulopathy 
or history 
of taking 
anticoagulants

Coagulopathyg Use of 
anticoagulant 
therapye

Seizures PTS Seizure Early seizureg PTSe

Visible injury External 
injury above 
claviclesg

Contusion of 
the skulle

Scalp 
woundf

Intoxication Intoxication Alcohol or 
drugsg

Behaviour Confusion Confusion

Headache Any Headache Persistent 
headacheg

Severe 
headache

Previous 
neurosurgery

History of 
neurosurgery 
(shunt)g

Failure to 
improve

Mechanism 
of injury

Unclear 
accident 
historyg or 
high-energy 
accidentg

Pedestrian 
or cyclist vs 
vehiclee or

ejected from 
vehiclee or

fall from any 
elevationh

Deterioration 
in mental 
status

1 hour after 
presentation: 
GCS 
deterioration 
of ≥ 2 pointse 
or GCS 
deterioration 
of 1 pointh

Other Vertigo, blurred/
double vision, 
somnolence, 
perseveration

CHIP, CT in Head Injury Patients; PTA, post-traumatic amnesia.
a The Dutch rule was no longer available online in May 2010, but is described in Smits et al.;70 Lapierre’s rule76 was available only in French 

and is not included in this table.
b Assume the most inclusive version of the rule used by Ibanez and Arikan.60

c Eligibility criteria are either the inclusion criteria of the derivation cohort or the patients the rule was intended for where there is no 
derivation cohort.

d CHIP69 detailed rule calculates risk by addition of derived β-coefficients for each characteristic listed. If a value of ≥ 1.1 is achieved, CT scan is 
indicated. CHIP simple rule predicts CT findings on basis of presence of onee or twoh criteria.

e Computerised tomography indicated if one of these criteria were present.
f If with one or more other risk criteria.
g Computerised tomography indicated if patient also has LOC or PTA.
h Computerised tomography indicated if two of these criteria were present.
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The CCHR26 has been validated in a number of studies26,46,60,65,68,71 and tested using either the high-
risk criteria as a threshold or high- and medium-risk criteria. Using the high-risk criteria alone 
it has a sensitivity of 99–100% and a specificity of 48–77% for neurosurgical injury. 26,46,65,71 The 
high-risk criteria were derived to identify neurosurgical injury and were not tested to identify any 
intracranial injuries by the original researchers. Two other studies,65,71 however, used the high-
risk rule to identify intracranial injuries. Results varied dramatically between the two studies, so 
no useful conclusions can be drawn.

Using the high- or medium-risk criteria, the CCHR has a sensitivity of 99–100%65,68,71 and 
80–100%26,46,60,65,68,71 for neurosurgical and any ICI, respectively, and corresponding specificities 
of 37–48% and 39–50%, respectively. The variation in sensitivity for any ICI is probably due 
to variation in the reference standard: sensitivity was 98–100% in studies in which clinically 
low-risk patients received telephone follow-up rather than CT,26,46,71 but was 80–86% in studies 
in which all patients had CT.60,65,68 This likely reflects differential identification of false-negative 
patients who were at low clinical risk and suffered no complication, but had ICI on CT.

Overall, it therefore appears that the CCHR has high sensitivity for detecting neurosurgical 
injuries, whether high-risk or high- and medium-risk criteria are used. This was consistent when 
some of the original patient exclusion criteria were included as risk factors (see Figure 6, CCHR 
high and medium risk adapted to cohort).68 Sensitivity for any ICI is probably more modest, 
but the missed cases are unlikely to be clinically significant. Specificity is adequate to allow a 
meaningful proportion of patients to avoid CT scanning.

The NOC27 rule has been validated in several studies and shown to have excellent sensitivity 
for neurosurgical lesion (99–100%)46,65,68,71 and any intracranial lesion (95–100%).27,46,60,65,68,71 
However, specificity for neurosurgical lesions (3–31%) and any intracranial lesion (3–33%) was 
generally poor. In most cohorts, application of the NOC rule would have resulted in all patients 
having a CT scan.

The NICE guidelines1,19 were developed using the CCHR high- and medium-risk criteria. 
Sensitivity for neurosurgical injury and any injury varied from 88% to 98%57,70,71 and from 67% to 
99%57,70,71 respectively, while corresponding specificities varied from 29% to 66% and from 31% 
to 70%, depending upon whether the 200319 or 20071 guidelines were tested and whether strict or 
lenient criteria were used. Amendment of the guidelines in 20071 entailed new recommendations 
for children and a change to management of patients over 65 years with LOC or amnesia. The 
revised NICE guidelines1 appeared to improve sensitivity at the cost of specificity, although 
the latter was still acceptable at 31%. The two versions of the rule were tested in the same 
cohort,57,71 which included adolescents over 10 years of age. It is possible that the improvement in 
performance of the rule is driven by the changes to the management of children rather than the 
relatively minor change in the management of adults.

Both the NCWFNS guidelines72 and the SIGN guidelines20 have sensitivities in a similar range to 
the CCHR when lenient criteria are used, but results for specificity are very variable and generally 
much lower. The Scandinavian lenient criteria73 have diagnostic parameters in the same range, 
but with more variation in sensitivity for neurosurgical injury (94–99%)69,74 and specificity for 
neurosurgical (20–50%) or any injury (21–60%).60,69,74 The NEXUS II (National Emergency 
X-Radiography Utilization Study II) rule62 appears to have high sensitivity for both neurosurgical 
and any injury, but variable specificity and very limited validation. Other rules have not been 
validated in sufficient cohorts and settings to draw meaningful conclusions.
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Children
From the 14 studies reporting diagnostic data for decision rules for children with MHI, a total 
of 15 decision rules30,81–94,96 were identified and are outlined in Table 8 a and b. Four studies 
presented more than one version of a rule: Greenes and Schutzman derived a decision rule85 for 
any severity of injury and a scoring system86 for asymptomatic patients from the same cohort; 
Kupperman et al.90 reported a second rule for those aged < 2 years; the Canadian Assessment 
of Tomography for Childhood Injury (CATCH)92 rule had a high and a medium- and high-risk 
format; the University of California–Davis rule (UCD)93 had three versions, each designed to 
identify a different outcome (need for neurosurgery, brain injury and intervention or brain 
injury). Four of the rules or their versions were specifically for infants.82,85,86,90

Of studies reporting prediction of ICI, only four rules30,90,91,93 were tested in more than one cohort 
(Figure 10). Of these four rules, the UCD rule93 for identifying patients with TBI or who needed 
acute intervention (which equates to ‘any ICI’) had the highest sensitivity (99% and 100%)89,93 
with variable values for specificity (12% and 43%). A modified version of the UCD rule reported 
in Sun et al.,95 in which ‘headache’ and ‘vomiting’ were redefined as ‘severe headache’ and ‘severe 
vomiting’, produced lower sensitivity (91%) but similar specificity (43%).

The CHALICE rule30 had the next best sensitivity (98% and 98%), but very variable specificity 
(87% and 5%). The derivation cohort30 used a poor reference standard (3% given CT) and the 
other cohort89 had different patient inclusion criteria (selecting only those admitted), both of 
which may contribute to the difference in specificity.

The Paediatric Emergency Care Applied Research Network (PECARN) rule for children ≥ 2 years 
to < 18 years was tested in two cohorts, a derivation and a validation cohort, reported in the same 
paper.90 Sensitivity (97% and 97%) and specificity (58% and 60%) were very consistent. The rule 
appears to sacrifice a small degree of sensitivity for a higher specificity when compared with 
other rules.

The NEXUS II rule was tested in two studies.89,91 These reported similar sensitivity (96% and 
99%) and specificity (15% and 21%), despite differences in the adequacy of the reference standard 
in one study, and differences in cohort selection and outcome definitions. Although these results 
seem less promising than the rules discussed earlier, further validation work in a different setting 
is warranted before conclusions can be drawn.

Nine further rules81,83,84,87–89,92,94,96 were tested in only one cohort (Figure 11) against the outcome 
of ICI. Of these, one rule (that of Da Dalt et al.83) had excellent sensitivity (100%) and specificity 
(87%). Further validation studies are needed before conclusions can be drawn regarding this 
rule. The Royal College of Surgeons (RCS) guidelines96 appeared to have excellent diagnostic 
accuracy.30 However, the reference standard used was management according to the RCS 
guidelines with only some patients followed up. This is likely to significantly increase the 
estimates of sensitivity and specificity.

Six rules30,81 88,90,92,93 were tested for prediction of the need for neurosurgery (Figure 12) and all 
in only one cohort. All had very good sensitivity (98–100%), but variable specificity (24–86%). 
The CHALICE rule30 had the highest specificity, but the lowest sensitivity. As observed with the 
PECARN criteria90 for children ≥ 2 years, the CHALICE rule30 appeared to sacrifice a degree of 
sensitivity for an improved specificity. All of these rules need further investigation and validation 
testing in other settings before firm conclusions can be drawn.
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64 Assessment of diagnostic accuracy

For infants (Figure 13), only the PECARN rule was tested in two cohorts against the 
outcome ICI.90 This rule gave the most promising results out of the seven rules identified for 
ICI.82,84–86,90,91,93,95 Only the PECARN90 rule (Figure 14) was tested against the outcome of need for 
neurosurgery in infants. All of these rules require further investigation and validation testing in 
other settings before firm conclusions can be drawn.

Individual characteristics
Description of included studies
Adults
The design and patient characteristics of the 42 studies (representing 44 papers)26,27,29,46,54,55,57–

63,67,77,98–126 that evaluated the diagnostic accuracy of individual characteristics for identifying 
ICI or need for neurosurgery in adults with MHI are summarised in Table 9. Twenty-three 
studies were from the USA,27,29,55,58,59,61,62,100–102,104,107–112,116,118–123,126 two each from Italy,54,57 
Germany,98,115 Spain,60,103 Japan,63,106 Canada,26,46 and India,120,124 and one from each of 
Saudi Arabia,77,114 Malaysia,99 Hong Kong,105 Islamic Republic of Iran,67 Denmark117 and 
Taiwan.125 One further study was an international collaboration.113 Ten studies were 
multicentre.26,46,67,98,106,108,62,113,118,119 Of the 42 studies, 22 were prospective; 16 recruited 
consecutive patients,26,27,29,57–60,62,67,98,100,101,105,108,111,115,124 whereas two selected a convenience 
sample46,126 and four did not report the method of selection. 61,109,113,118 Sixteen studies were 
retrospective54,55,67,102–106,110,112,114,116,117,119,121–123,125 and four63,107,120,127 did not report the mode of 
data collection.

The cohort sizes of the included studies ranged from 39120 to 13,728.62 The mean age of 
the cohorts ranged from 17114 to 4760 years, with two cohorts108,110 reporting older patients 
separately, with mean ages in excess of 70 years. The variation in mean age range appeared to 
be influenced by the minimum age for inclusion in the study; some studies included all ages29

,62,77,111,112,114,118,119,123,124 or did not report an age restriction,59,61,104,106,115,117,120–122,125 whereas others 
set a lower age limit.26,27,46,54,55, 57,58,60,63,67,98–103,105,107–110,113,116,126 The median prevalence of need 
for neurosurgery was 1.7% (IQR 1.2% to 3.8%). The prevalence of ICI ranged from 0.48%117 
to 78.1%99 with a median prevalence of 9.4% (IQR 6.8% to 18%). This wide variation is likely 
to be owing to differences in patient selection criteria, adequacy of reference standards and 
definitions of ICI, and neurosurgery. There was no study that clearly selected the whole 
population of interest. As detailed in Table 9, patients were excluded based on GCS score, 
absence or presence of clinical characteristics at presentation or because they had not had a CT 
scan; alternatively, selection criteria were rendered unclear by phrases such as ‘those admitted’. 
Twenty studies selected only patients with GCS 13–15,26,46,55,98,99,101–103,105,110,112,113,115,119–125 six only 
patients with GCS 14 or 15,57,58,60,63,108,109 another five only patients with GCS 15,27,29,67,107,111,126 
one only those with GCS 14,59 three studies54,104,118 selected all severities of injury (with 
data available for a GCS 13–15 subgroup in two studies)54,104 and six did not report GCS 
scores.61,62,77,106,114,116,117 One further study included GCS 13–15 or GCS < 13 if intoxicated.100 In 
26 studies26,27,46,54,57,58,60,63,67,98,100–103,105,107–109,112,114,115,117,119,121,123,124 patients were not selected on the 
basis of having had a CT scan, whereas in 14 studies29,55,59,61,62,99,104,110,111,113,116,118,122,125,126 patients 
were only enrolled if they had a CT scan. The remaining two studies106,120 did not state whether 
this was used as an inclusion criterion. Selection of patients based on clinical characteristics at 
presentation varied widely.

Definitions of outcomes and the reference standards used varied across the 42 studies (Table 10). 
For ICI, 21 studies54,55,58,63,67,77,99,101,102,107–110,112,113,116,118,120,122,125,126 gave only a very general description 
of the outcome, such as ICI or positive CT findings, with no definition. The remainder varied 
in the level of detail provided and the type of injuries included, with some including all 
common acute lesions including skull fractures (e.g. Biberthaler et al.),98 and others defining 
injury in terms of severity and clinical significance (e.g. Mower et al.;62 Stiell et al.26,46).62 For the 
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Design
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Author, year

Country

Design

No. of patients, n

Mean or median 
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(range)

Prevalence of 
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Prevalence of ICI

CT as inclusion? 
(yes/no)
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Age group
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inclusion criteria
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Author, year

Country

Design

No. of patients, n

Mean or median 
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(range)

Prevalence of 
neurosurgery

Prevalence of ICI

CT as inclusion? 
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Patients with 
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Age group

Prevalence of 
GCS 15, n
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Author, year

Country

Design

No. of patients, n
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(yes/no)
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Prevalence of 
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Author, year

Country

Design

No. of patients, n

Mean or median 
age, years 
(range)

Prevalence of 
neurosurgery

Prevalence of ICI

CT as inclusion? 
(yes/no)

Male, n 

Patients with 
MHI, n

Age group

Prevalence of 
GCS 15, n

Other significant 
inclusion criteria

Other significant 
exclusion criteria
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Author, year

Country

Design

No. of patients, n

Mean or median 
age, years 
(range)

Prevalence of 
neurosurgery

Prevalence of ICI

CT as inclusion? 
(yes/no)

Male, n 

Patients with 
MHI, n

Age group

Prevalence of 
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inclusion criteria
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exclusion criteria
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Author, year

Country

Design

No. of patients, n

Mean or median 
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(range)

Prevalence of 
neurosurgery

Prevalence of ICI

CT as inclusion? 
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Patients with 
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Age group

Prevalence of 
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TABLE 10 Individual clinical characteristics in adults with MHI – definitions of outcomes and reference standards used 
in included studies

Study Definition of ICI Reference standard for ICI
Patients 
receiving CT, n

Definition of need 
for neurosurgery

Reference 
standard 
for need for 
neurosurgery

Adults (any cohort selecting patients above a given age)

Arienta et al. 
199754

Intracranial lesion: not defined CT scan or follow-up telephone call. 
Details NR

762/9917 
(7.7%)

Neurosurgery or 
death: not defined 
further

Retrospective 
chart review, 
telephone 
follow-up

Biberthaler 
et al. 200698

CT abnormality: epidural, 
subdural, subarachnoid, 
intracerebral, cerebellar or 
brainstem haemorrhage, cortex 
contusion (haemorrhagic or 
non-haemorrhagic), fracture 
(skull cap, skull base, mastoid) 
or intracranial pressure (focal or 
generalised brain oedema)

CT scan 1309/1309 
(100%)

NA NA

Borczuk 
199555

ICI: abnormalities believed to be 
related to the trauma

CT scan 1448/1448 
(100%)

Neurosurgery: 
placement of 
an intracranial 
pressure monitoring 
device alone was 
not considered 
a neurosurgical 
intervention

Review of ED 
and hospital 
charts

Chan et al. 
200599

ICI: not defined CT scan 105/105 
(100%), 92/92 
(100%)

NA NA

Cook et al. 
1994100

Positive CT scan: evidence of 
acute intracerebral injury, such 
as a haematoma or a contusion 
or a depressed skull fracture

CT scan: obtained after 1 hour’s 
observation or sooner if patient 
deteriorated

107/107 
(100%)

NA NA

Fabbri et al. 
200557

Any post-traumatic lesion 
at CT within 7 days from 
trauma: depressed skull 
fracture, intracerebral 
haematoma/brain contusions, 
subarachnoid haemorrhage, 
subdural haematoma, epidural 
haematoma, intraventricular 
haemorrhage

Patients were managed according 
to NCWFS guidelines where low-
risk patients were sent home 
without CT, medium-risk patients 
underwent CT and observed 
for 3–6 hours if negative, then 
discharged, high-risk patients 
underwent CT and were observed 
for 24–48 hours. All those 
discharged were given written 
advice about signs and symptoms 
with which they should return

4177/7955 
(52.5%)a

NA NA

Falimirski et 
al. 200358

Significant ICI: not defined CT scan 331/331 
(100%)

NA NA

Feuerman et 
al. 1988102

Positive CT findings: not defined CT scan 129/373 (35%) 
129/129 
(100%)

Neurosurgery: 
operative 
haematoma or 
deterioration

Neurosurgery 

Gomez et al. 
1996103

2351/2484 
(94.6%)

Neurosurgery: 
operation. Patients 
with focal mass 
intracranial lesions 
causing brain shift

Chart review: 
data entered 
into a database

continued
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Study Definition of ICI Reference standard for ICI
Patients 
receiving CT, n

Definition of need 
for neurosurgery

Reference 
standard 
for need for 
neurosurgery

Haydel et al. 
200027

ICI: presence of acute traumatic 
ICI (a subdural, epidural or 
parenchymal haematoma, 
subarachnoid haemorrhage, 
cerebral contusion or depressed 
skull fracture)

CT scan 520/520 
(100%)

NA NA

Hsiang et al. 
1997105

Abnormal radiographic findings: 
skull fracture (including 
depressed skull fracture), 
intracranial haematoma 
or contusion, traumatic 
subarachnoid haemorrhage

CT scan and/skull radiography: 
at discretion of admitting 
neurosurgeon

842/1360 
(61.9%), NR 
for subgroup 
of 736

Neurosurgery: 
neurosurgical 
intervention in first 
48 hours

Patient records

Ibanez 
and Arikan 
200460

Relevant positive CT scan: acute 
intracranial lesion, not including 
isolated cases of linear skull 
fractures or chronic subdural 
effusions

CT scan 1101/1101 
(100%)

NA NA

Jeret et al. 
1993107

Abnormal CT: not defined CT scan 712/712 
(100%)

NA NA

Livingston et 
al. 1991109

Positive CT scan: not defined CT scan NR NA NA

Livingston et 
al. 2000108

Positive CT scan: presence 
of ICI

CT scan 2152/2152 
(100%)

NA NA

Muller et al. 
2007113

Intracranial abnormality: not 
defined

CT scan: within 12 hours of injury 226/226 
(100%)

NA NA

Nelson et al. 
1992116

Abnormal CT scan: not defined CT scan 131/131 
(100%)

NA NA

Ono et al. 
200763

Intracranial lesion: not defined CT scan 1064/1064 
(100%)

NA NA

Saboori et al. 
200767

Intracranial lesion: all acute 
abnormal finding on CT

CT scan

Normal CT: discharged with advice 
to return if symptoms occur. One-
week follow-up call

Abnormal CT: admission, treatment. 
Evaluation at 2 weeks and 1 month 
after discharge

682/682 
(100%)

NA NA

Stiell et al. 
200126

Clinically important brain 
injury on CT: all injuries unless 
patient neurologically intact 
and had one of the following: 
solitary contusion > 5 mm, 
localised subarachnoid blood 
> 1 mm thick, smear subdural 
haematoma > 4 mm thick, 
closed depressed skull fracture 
not through inner table

1. CT scan to positively classify 
clinically important brain injury 
(75.6%)

2. Proxy telephone interview 
performed by registered nurse 
(24.4%). For those whose 
responses did not warrant recall 
for a CT scan this was the only 
reference standard

2078/3121 
(67%)

NA NA

Stiell et al. 
200546

As Stiell et al. 200126 As Stiell et al. 200126 2171/2707 
(80.2%), 
1378/1822 
(75.6%)b

NA NA

Vilke et al. 
2000126

ICI: not defined CT scan: selected for CT at 
attending physician’s discretion

58/58 (100%) Neurosurgery: not 
defined

NR

TABLE 10 Individual clinical characteristics in adults with MHI – definitions of outcomes and reference standards used 
in included studies (continued)
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Study Definition of ICI Reference standard for ICI
Patients 
receiving CT, n

Definition of need 
for neurosurgery

Reference 
standard 
for need for 
neurosurgery

Dunham et 
al. 1996101

CT detected intracranial 
haemorrhage: not defined

CT scan for 91.4%, NR for 
remainder

1857/2032 
(91.4%), NR 
for 220, age 
> 60 years

NA NA

Mack et al. 
2003110

ICI: not defined CT scan 133/133 
(100%)

NA NA

All ages (any cohort reporting a cohort with no age limits)

Miller et al. 
1996111

Abnormal CT scan: acute 
traumatic intracranial lesion 
(contusion, parenchymal 
haematoma, epidural 
haematoma, subdural 
haematoma, subarachnoid 
haemorrhage) or a skull fracture

CT scan: within 8 hours of injury 1382/1382 
(100%)

Neurosurgery: 
surgical intervention 
(craniotomy to repair 
an acute traumatic 
injury or placement 
of a monitoring bolt)

Hospital records 
of those with 
positive CT scan 
followed until 
discharge

Miller et al. 
199729

Abnormal CT scan: acute 
traumatic intracranial lesion 
(contusion, parenchymal 
haematoma, epidural 
haematoma, subdural 
haematoma, subarachnoid 
haemorrhage) or a skull fracture

CT scan: within 8 hours of injury 2143/2143 
(100%)

Neurosurgery: 
surgical intervention 
(craniotomy to repair 
an acute traumatic 
injury or placement 
of a monitoring bolt)

Hospital records 
of those with 
positive CT scan 
followed until 
discharge

Moran et al. 
1994112

Positive CT scan: not defined CT scan NR for those who did not 
have CT scan

96/200 (48%) NA NA

Mower et al. 
200562

Significant ICI: any injury that 
may require neurosurgical 
intervention, lead to rapid 
clinical deterioration, or 
result in significant long-term 
neurological impairment

CT scan 13,728/13,728 
(100%)

NA NA

Murshid 
1994114

NA NA N/A Neurosurgery: not 
defined. Those 
reported positive 
had burr holes, 
craniotomy, 
ventilation, 
conservative 
treatment (assume 
not elevation of 
fracture)

NR

Murshid 
199877

ICI on CT scan; not defined CT scan 127/566 (22%) NA NA

Shackford et 
al. 1992119

N/A NA  N/A Surgical intervention: 
craniotomy or ICP 
monitor

Hospital records

Schynoll et 
al. 1993118

Abnormal CT scan: not defined CT scan: at discretion of evaluating 
physician

264/264 
(100%)

NA NA

Tender and 
Awasthi 
2003123

Abnormality on CT: intracranial 
haematoma, contusion, 
traumatic subarachnoid 
haemorrhage and skull fracture 
with an underlying lesion

CT scan 255/255 
(100%)

NA NA

continued

TABLE 10 Individual clinical characteristics in adults with MHI – definitions of outcomes and reference standards used 
in included studies (continued)
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Study Definition of ICI Reference standard for ICI
Patients 
receiving CT, n

Definition of need 
for neurosurgery

Reference 
standard 
for need for 
neurosurgery

Thiruppathy 
and 
Muthukumar 
2004124

Positive CT scan: acute 
pathological state in the skull 
or brain attributable to head 
injury (vault or basilar fractures, 
epidural, subdural, intracerebral 
haematomas, contusions, 
intraventricular haemorrhage, 
pneumocephalus)

CT scan 381/381 
(100%)

Neurosurgery: not 
defined

Neurosurgery

Age limit not reported

Harad and 
Kerstein 
1992104

Abnormal CT scan: contusion, 
depressed skull fracture, diffuse 
axonal injury, epidural/subdural 
haematoma, subarachnoid 
haemorrhage and oedema

CT scan 497/497 
(100%), 
302/302 
(100%)

Craniotomy  NR

Holmes et al. 
199759

Abnormal CT scan defined 
as any CT scan showing an 
acute traumatic lesion (skull 
fractures or intracranial lesions: 
cerebral oedema, contusion, 
parenchymal haemorrhage, 
epidural haematoma, subdural 
haematoma, subarachnoid 
haemorrhage or intraventricular 
haemorrhage)

CT scan 264/264 
(100%)

Neurosurgery Neurosurgery: 
Patients with 
abnormal CT 
scan followed to 
discharge. Those 
with normal 
CT not studied 
further

Hung et al. 
1996106

NA NA NA Surgically significant 
ICI

NR

Madden et 
al. 199561

Clinically significant scan: 
pathology related to trauma 
affecting the bony calvaria 
or cerebrum (including non-
depressed skull fractures, 
excluding scalp haematomas, 
those with no bony skull or 
intracerebral pathology)

CT scan 537/537 
(100%)

Mussack et 
al. 2002115

Post-traumatic lesion: skull 
fracture, subarachnoid 
haemorrhage, epidural 
or subdural haematoma, 
intracerebral haemorrhage or 
diffuse brain oedema

CT scan 139/139 
(100%)

Rosenorn et 
al. 1991117

Intracranial complication: 
intracerebral haematoma, 
subdural haematoma, 
cerebral contusion, traumatic 
subarachnoid haemorrhage

CT scan or admission and 
observation

NR

Sharma et 
al. 2001120

Intracranial complications: not 
defined

CT scan 39/39 (100%)

TABLE 10 Individual clinical characteristics in adults with MHI – definitions of outcomes and reference standards used 
in included studies (continued)
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outcome, ‘need for neurosurgery’ there was again a variety of definitions across the 16 studies, 
including narrow definitions which, for example, only included ‘urgent surgery’122 or specified 
a timescale,105,121 and definitions that included any neurosurgical procedure, including fitting an 
intracranial pressure monitor.119

In the 10 studies26,46,54,57,67,77,101,105,112,117 in which CT was not possible for all and was not an 
inclusion criterion, the reference standard varied, with four studies26,46,54,67 using telephone 
follow-up and five57,77,101,105,112 not reporting how ICI was identified in those not undergoing CT. 
One study admitted those not undergoing CT.117 Telephone follow-up and no follow-up are both 
likely to miss some intracranial injuries, affecting estimates of diagnostic accuracy. The length 
of follow-up for neurosurgery varied from being not reported to following until discharge, 
which may not capture all neurosurgical procedures, again leading to inaccurate estimations of 
diagnostic accuracy.

Study Definition of ICI Reference standard for ICI
Patients 
receiving CT, n

Definition of need 
for neurosurgery

Reference 
standard 
for need for 
neurosurgery

Stein and 
Ross 1990122

Abnormal CT scan: not defined CT scan 658/658 
(100%)

Urgent surgery: 
urgent surgery 
because of 
finding on CT 
scan – haematoma 
or previously 
unsuspected 
depressed fracture 
large enough to 
require surgery 
on an urgent 
basis (not those 
who deteriorated 
subsequently)

NR

Stein and 
Ross 1992121

NA NA NA Immediate 
neurosurgery 
or subsequent 
deterioration: not 
defined

Records 
searched

Tsai 1994125 CT scan findings: not defined CT scan 186/186 
(100%)

N/A, not available; NA, not applicable; NR, not reported.
a From Stein et al.71

b GCS 15-only subgroup of cohort.

TABLE 10 Individual clinical characteristics in adults with MHI – definitions of outcomes and reference standards used 
in included studies (continued)
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Children and infants
The design and patient characteristics of the 29 studies (representing 30 papers)30,81–84,86–91,93–95,127–

142 that evaluated the diagnostic accuracy of individual clinical characteristics for identifying 
ICI (including the need for neurosurgery) in children and/or infants with MHI are summarised 
in Table 11. Three studies84,90,135 provided separate data for children and infants, whereas two 
studies82,86 provided data for infants only, and one study84 provided data for infants as a subset of 
data from a cohort of children up to age 18 years. In one study only adolescents were selected.127 
Eighteen studies were from the USA,82,84,86,88,90,91,93,94,129–131,135,137–142 three from Turkey,87,128,132 two 
from the UK,30,136 one a USA–Canadian collaboration81 and one each from Italy,83 Finland,89 
Poland,133 Australia134 and Hong Kong.127 Eight studies30,81,83,90,91,95,129,135,140 were multicentre. 
Cohorts ranged in size from 39136 to 31,69490 patients with two cohorts30,90 providing a large 
data set of over 20,000 participants. Seventeen30,81,83,84,86,88,90,91,93–95,127,128,130,131,135,141,142 studies were 
prospective, seven of which were consecutive,83,84,86,88,91,94,95,127 one convenience81 and the remaining 
nine30,90,93,128,130, 131,135,141,142 did not report the method of patient recruitment. Twelve82,89,129,132–134,136–

140 studies were retrospective.

For studies of children, the upper age limit ranged between 12141 and 21 years,81 and the lower 
limit between 081 and 5 years.88 For infants, the upper age limit was 284,86,90,135 or 3 years.82,91 

Mean age was not reported in the majority of cases; where it was reported it ranged from 
4 years 10 months94 to 12 years 10 months.88 Prevalence of neurosurgery ranged from 1.0%137 
to 8.5%131 (median 3.3%, IQR 1.55% to 7.23%) and prevalence of ICI ranged from 0.58%83 to 
54.6%134 (median 12.1%, IQR 4.1% to 21.0%). It was clear in only one study30 that only the whole 
population of interest had been selected. Variations in selection criteria include selection of 
patients on the basis of having had a CT scan,81,84,87,88,91,93–95,129,130,134–138,140,142 selecting only patients 
presenting with some clinical characteristics,83,88,90,93,94,127–129,131,132,138,139,141,142 selecting only those 
admitted89,127,139 and selecting a spectrum of patients with a wider or narrower range of GCS 
scores. Five studies selected only those with GCS 15,86,88,128,129,137 five only those with GCS 14 or 
15,82,90,93,132,138 one only those with GCS 13 or 14140 and 1283,84,89,91,94,95,127,130,134–136,141 either did not 
report selection on the basis of GCS or selected all severities. The remaining six81,87,131,133,139,142 
selected or reported a subset of patients with GCS 13–15.

Definitions of outcomes and the reference standards used varied across the 29 studies 
(Table 12).30,81–84,86–91,93–95,127–142 The outcome definition for ICI differed across the 28 
studies30,81–84,86–91,93–95,127–130,132–142 that reported this outcome. Four studies30,89–91,95 defined this as 
injuries of clinical significance, 13 studies81,82,84,86,88,93,128,130,132–135,138 had more general definitions 
including common acute lesions (listed in Table 12) and 11 studies83,87,94,127,129,136,137,139–142 did 
not give a definition. The reference standards used where CT was not possible for all and 
was not an inclusion criterion was unclear in five cases.30,89,127,132,140 Other reference standards 
comprised telephone follow-up, review of hospital records or both. Neurosurgery was poorly 
defined in most cases; one study included other medical interventions88 and one study excluded 
skull fracture surgery,137 but it was unclear if these were included or excluded in other studies. 
The length of follow-up for neurosurgery varied from being not reported to following until 
discharge88 or at an outpatients clinic.131
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TABLE 12 Individual clinical characteristics in children and infants with MHI: definitions of outcomes and reference 
standards used in included studies

Author, 
year Definition of ICI Reference standard for ICI

Patients 
receiving CT, n

Definition 
of need for 
neurosurgery

Reference 
standard 
for need for 
neurosurgery

Atabaki et 
al. 200881

ICI: subdural, epidural, 
subarachnoid, intraparenchymal 
and intraventricular 
haemorrhages, as well as 
contusion and cerebral oedema

CT scan 1000/1000 
(100%)

NA NA

Boran et al. 
2006128

Intracranial lesions: not including 
soft tissue swelling and linear 
skull fractures

CT scan 421/421 
(100%)

NA NA

Da Dalt et 
al. 200683

ICI: identified on CT either at initial 
ER presentation or during any 
hospital admission or readmission

CT scan obtained at discretion 
of treating physician

All children discharged 
immediately from ER or after 
short observation received a 
follow-up telephone interview 
approximately 10 days 
later. Hospital records were 
checked for readmissions for 
1 month after conclusion of 
study

79/3806 (2%) NA NA

Davis et al. 
1994129

Intracranial haemorrhage: not 
defined

CT scan 168/168 
(100%)

NA NA

Dietrich et 
al. 199384

Intracranial pathology: epidural 
or subdural haematoma, cerebral 
contusions or lacerations, 
intraventricular haemorrhage 
pneumocephaly or cerebral 
oedema, with or without skull 
fracture

CT scan 166/166 
(100%)

NA NA

Dunning et 
al. 200630

Clinically significant ICI: death 
as a result of head injury, 
requirement for neurosurgical 
intervention or marked 
abnormalities on the CT scan

All patients treated according 
to RCS guidelines. This 
recommends admission for 
those at high risk and CT scan 
for those at highest risk

Follow-up: all patients who 
were documented as having 
had a skull radiograph, 
admission to hospital, CT 
scan or neurosurgery were 
followed up

744/22,772 
(3.3%)

NA NA

Fisher 
1997141

ICI: not defined CT scan 42/42 (100%) NA NA

Fridriksson 
et al. 
2000130

Intracranial lesion: cerebral 
oedema, parenchymal 
bleeding, cerebral contusion 
or subarachnoidal subdural or 
epidural bleeding

CT scan 49/49 (100%) NA NA

Guzel et al. 
200987

Positive CT scan: definition NR CT scan 337/337 
(100%)

NA NA

continued
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Author, 
year Definition of ICI Reference standard for ICI

Patients 
receiving CT, n

Definition 
of need for 
neurosurgery

Reference 
standard 
for need for 
neurosurgery

Hahn and 
McLone 
1993131

632/791 
(79.9%)

Neurosurgical 
intervention: mass 
lesions (epidural 
or subdural 
haematoma 
requiring surgery)

CT scan, 
neurosurgery 
and follow-up at 
outpatient trauma 
clinic of those 
asymptomatic 
with clear CT

Halley et al. 
2004142

ICI: abnormality on CT scan CT scan 98/98 (100%) NA NA

Haydel and 
Schembekar 
200388

ICI on head CT: any acute 
traumatic intracranial lesion, 
including subdural epidural 
or parenchymal haematoma, 
subarachnoid haemorrhage, 
cerebral contusion or depressed 
skull fracture

CT scan 175/175 
(100%)

Need for 
neurosurgical 
or medical 
intervention in 
patients with ICI 
on CT

All patients with 
abnormal CT 
scan admitted 
and followed until 
discharge

Keskil et al. 
1995132

Epidural or subdural haematoma Observed at operation or CT NR NA NA

Klemetti et 
al. 200989

Complicated or severely 
complicated head trauma: 
brain contusion, skull base 
fracture, skull fracture. Patients 
who required neurosurgical 
intervention, patients who 
succumbed, epidural haematoma, 
subdural haematoma, 
subarachnoid haematoma, 
intracerebral haematoma

Hospital records 242/485 
(49.9%)

NA NA

Kupperman 
et al. 200990

Clinically important brain injury: 
death from TBI, neurosurgery, 
intubation for > 24 hours for 
TBI or hospital admission of two 
nights or more associated with 
TBI on CT. Brief intubation for 
imaging and overnight stay for 
minor CT findings NOT included

CT scans, medical records, 
and telephone follow-up. 
Those admitted: medical 
records, CT scan results. 
Those discharged: telephone 
survey 7–90 days after the 
ED visit, and medical records 
and county morgue records 
check for those who were not 
contactable

11,643/31,694 
(36.7%) 
(children)

3326/10,718 
(31.0%) (infants)

NA NA

Mandera 
2000133

ICI: mass lesion (epidural, 
subdural or intracerebral 
haematoma seen on CT)

CT scan 166/166 
(100%)

NA NA

Ng et al. 
2002134

Abnormal CT scan: isolated 
fractures and intracranial 
pathology (epidural, subdural 
or parenchymal haematoma, 
cerebral contusion, 
intraventricular or subarachnoid 
haemorrhage, cerebral oedema) 
with or without a fracture

CT scan: at physician’s 
discretion

119/119 
(100%)

NA NA

aOman 
2006;91 
aSun et al. 
200795

Clinically important/significant 
ICI: any injury that may require 
neurosurgical intervention, lead 
to rapid clinical deterioration or 
result in significant long-term 
neurological impairment

CT scan 1666/1666 
(100%)

NA NA

TABLE 12 Individual clinical characteristics in children and infants with MHI: definitions of outcomes and reference 
standards used in included studies (continued)
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Author, 
year Definition of ICI Reference standard for ICI

Patients 
receiving CT, n

Definition 
of need for 
neurosurgery

Reference 
standard 
for need for 
neurosurgery

Palchak et 
al. 200393

TBI identified on CT scan or TBI 
requiring acute intervention OR 
intervention by one or more of: 
neurosurgical procedure, ongoing 
antiepileptic pharmacotherapy 
beyond 7 days, the presence 
of a neurological deficit that 
persisted until discharge from the 
hospital, or two or more nights 
of hospitalisation because of 
treatment of the head injury

CT or performance of 
intervention

1098/1098 
(100%)

NA NA

Quayle et al. 
199794

ICI: definition NR CT scan 321/321 
(100%)

NA NA

Ramundo et 
al. 1995135

Depressed or basilar skull 
fractures, brain contusion, 
epidural or subdural 
haematomas, subarachnoid 
haemorrhage, intraparenchymal 
or intraventricular haemorrhage, 
pneumocephaly, cerebral oedema

CT scan 261/261 
(100%) 
(children)

37/37 (100%) 
(infants)

NA NA

Reed et al. 
2005136

ICI: not defined CT scan 39/39 (100%)

Schunk et 
al. 1996137

ICI: not defined CT scan 313/313 
(100%)

ICI requiring 
neurosurgery, 
excluding skull 
fracture surgery

Records check

Simon et al. 
2001138

ICI: subarachnoid haemorrhage, 
subdural haematoma, epidural 
haematoma and contusion

CT scan 569/569 
(100%)

429/429 
(100%) (subset)

Stein and 
Doolin 
1995139

Intracranial lesion on CT: not 
defined

CT scan 751/751 
(100%)

Neurosurgical 
procedure

NR

Wang et al. 
2000140

CT scan abnormality: any 
evidence of traumatic injury 
to the cranial bones or brain 
(haemorrhages classified as 
epidural, subdural, subarachnoid 
or intraparenchymal spaces)

CT scan

NR for those who did not have 
a CT scan

134/157 
(85.4%)

NA NA

Chan et al. 
1990127

Intracranial haemorrhage: 
development of acute intracranial 
haemorrhage within 48 hours of 
injury

CT scan NR NA NA

Buchanich 
200782

ICI: intracranial haematoma, 
intracranial haemorrhage, 
cerebral contusion and/or 
cerebral oedema

CT scan

Follow-up questionnaire/
telephone interview: questions 
regarding child’s symptoms 
and behaviour following injury

97/97 (100%) NA NA

Greenes and 
Schutzman 
200186

ICI: cerebral contusion, 
cerebral oedema or intracranial 
haematoma noted on CT

CT scan 172/172 
(100%)

NA NA

NR, Not reported; NA, not applicable.
a Oman91 and Sun et al.95 are a subset of the NEXUS II derivation cohort (Mower et al.).62

TABLE 12 Individual clinical characteristics in children and infants with MHI: definitions of outcomes and reference 
standards used in included studies (continued)
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Yes (high quality)
Unclear
No (low quality)
Not applicable

Appropriate spectrum composition?

Selection criteria clearly described?

Reference standard intracranial injury adequate?

Reference standard neurosurgery adequate?

Partial verification bias avoided?

Differential verification bias avoided?

Test execution details reported?

Reference standard execution details reported?

Test review bias avoided?

Diagnostic review bias avoided?

Clinical review bias avoided?

Uninterpretable results reported?

Withdrawals accounted for?

0% 25% 50% 100%75%

FIGURE 15 Individual clinical characteristics in adults with MHI – methodological quality graph. Review authors’ 
judgements about each methodological quality item presented as percentages across all included studies.

Quality of included studies
Adults
The methodological quality assessment of each included study is summarised in Figures 15 and 
16. Overall, most of the included studies were poorly reported and did not satisfy the majority of 
the quality assessment items of the QUADAS tool.

The main source of variation was patient spectrum, for which no study scored positively (further 
details are provided in Description of included studies). Fewer than one-quarter of the studies 
used an adequate reference standard for ICI,29,67,108,111,113,115,122 with the majority scoring unclear 
or negatively. Although 21 studies27,55,58–63,99,100,102,104,107,110,116,118,120,123–126 carried out CT in all 
participants, they failed to state whether this was done within 24 hours and were therefore scored 
unclear. Of the 14 studies26,29,46,54,57,59,102–105,111,121,122,124,126 that reported the outcome neurosurgery, all 
either reported an inadequate reference standard or were unclear on this point. Poor scores were 
usually given because length of follow-up was not adequate.

Partial verification bias was largely avoided. Similarly, studies scored well generally for 
differential verification bias, with reference standards being applied to the whole cohort in 
29 cases.26,27,29,46,55,58,60,62,63,67,69,98–100,102–104,107,108,110,111,113,115,116,118,120–126 However, it should be noted 
that three54,57,106 of the four largest cohorts scored negatively or unclear across the reference 
standard and verification items, and two54,57 of these report data for a large number of clinical 
characteristics. There is the potential for bias in these studies to influence results.

The execution of the index test was reported more often than the reference standard. This 
probably reflects the routine nature of CT scanning, whereas the index tests required more 
explanation. Test review and diagnostic review biases were largely unreported. This may have 
been considered an unnecessary detail to report as it is likely that clinical characteristics will have 
been assessed prior to CT scanning and, therefore, blinded by default. However, where it is not 
clear that this is the case, studies have been scored unclear. Blinding of the index test results when 
reading the reference standard may have been thought unethical, although no study examined 
this issue. It was difficult to assess to what extent a lack of blinding has influenced results. Clinical 
review bias scored a little better as retrospective studies by definition reflect real-life practice, but 
overall scored poorly or unclear. Uninterpretable results were rarely discussed. In the one case 
where they were,108 it was unclear how these results were treated for analysis. Withdrawals were 
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FIGURE 16 Individual clinical characteristics in adults with MHI – methodological quality summary. Review authors’ 
judgements about each methodological quality item for each included study. Minus sign, negative score; plus sign, 
positive score; question mark, unclear whether item scores negatively or positively; blank space, not applicable.
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FIGURE 17 Individual clinical characteristics in children and infants with MHI – methodological quality graph. Review 
authors’ judgements about each methodological quality item presented as percentages across all included studies.

generally not reported and, as there was no evidence to suggest that there were any withdrawals 
to report, all but one study59 scored well for this item.

Children
The methodological quality assessment of each included study is summarised in Figures 17 and 
18. Overall, most of the included studies were poorly reported and did not satisfy the majority of 
the quality assessment items of the QUADAS tool.

The main source of variation was patient spectrum, for which only one study scored positively90 
(further details are in Description of included studies). Only five studies used an adequate 
reference standard for ICI,84,94,133,134,137 with the majority scoring unclear or negatively, including 
the two very large cohorts.30,90 Although 13 studies81,87,88,91,95,128–130,135,136,138,139,141,142 did carry out CT 
in all participants, they failed to state whether this was within 24 hours and were therefore scored 
unclear. Of the four88,131,137,139 studies that reported the outcome data for neurosurgery, none 
reported an adequate reference standard: two reported an inadequate reference standard and two 
were unclear on this point.

Partial verification bias was largely avoided, with 24 studies81–84,86–91,94,128–131,133–139,141,142 scoring well 
for this item, although one of the large cohorts scored negatively.30 Similarly, studies scored well 
generally for differential verification bias, with reference standards being applied to the whole 
cohort in 19 cases.81,84,86,87,91,94,128–131,133–139,141,142 For the two very large cohorts, one study scored 
negatively for this item,30 whereas for the other study90 the reference standard was determined at 
the physician’s discretion so the item scored unclear.

The execution of the index test was reported more often than the reference standard. Test review 
and diagnostic review biases were largely unreported. Blinding of the index test results when 
reading the reference standard may have been thought unethical, though no study examined 
this issue. Clinical review bias scored a little better as retrospective studies by definition reflect 
real-life practice, but over half scored poorly or unclear. Uninterpretable results were discussed in 
only one study,81 with reference to a single uninterpretable CT scan that was treated as a positive. 
Withdrawals were generally not reported and, as there was no evidence to suggest that there were 
any withdrawals to report, most studies scored well for this item.
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FIGURE 18 Individual clinical characteristics in children and infants with MHI – methodological quality summary. Review 
authors’ judgements about each methodological quality item for each included study. Minus sign, negative score; plus 
sign, positive score; question mark, unclear whether item scores negatively or positively; blank space, not applicable.
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Summary of test accuracy results: individual characteristics
Adults
Tables 13 and 14 show the sensitivity, specificity, PLR and NLR for each individual clinical 
characteristic for predicting ICI or need for neurosurgery in adults. Further details are provided 
in Appendix 5. Only individual clinical characteristics that were defined consistently and in a 
clinically meaningful way were included in the meta-analysis. Two studies108,126 were excluded 
from the meta-analysis because they did not define the characteristics they reported (neurological 
examination) in a way similar enough to other studies to be meaningfully meta-analysed.

The PLR indicates how useful each characteristic is for ruling injury in, whereas the NLR 
indicates how useful it is for ruling injury out. In general, clinical assessment contributes to 
diagnosis by identifying features that increase the risk of ICI. There are no clinical or radiological 
characteristics that can be used individually to rule out ICI. The only test that does have a rule-
out role is S100B with a NLR of 0.076 (further details are provided – see Biomarkers).

Depressed, basal or radiological skull fracture and PTS each substantially increased the likelihood 
of ICI (PLR > 10). These findings are of mainly historical interest, as CT scanning has generally 
replaced skull radiology. Skull fractures are now usually identified on CT scanning, which will 
also show the ICI.

Clinical characteristics appear to be more useful if they are precisely defined. Focal neurological 
deficit, persistent vomiting, decrease in GCS and previous neurosurgery all markedly increased 
the likelihood of ICI (PLR 5–10). However, the last was only assessed in three studies, was 
subject to significant heterogeneity and had a CI for the PLR crossing 1. Fall from a height, 
coagulopathy, chronic alcohol use, age over 60 years, pedestrian MVA, any seizure, undefined 
vomiting, retrograde or anterograde amnesia GCS < 14 and GCS < 15 moderately increased the 
risk of ICI (PLR 2–5). Meanwhile, LOC and headache (even if severe) appear to be of little value 
in diagnosing ICI.

Only a few studies have assessed the value of individual characteristics to diagnose specifically 
neurosurgical injury, so only limited conclusions can be drawn. GCS < 15 has some limited 
value for both ruling in and ruling out neurosurgical injury (i.e. a normal GCS reduces the 
likelihood of neurosurgical injury). Focal neurological injury, vomiting and radiological 
skull fracture all increased the likelihood of neurosurgical injury. The failure to demonstrate 
diagnostic value of many characteristics for diagnosing neurosurgical injury probably reflects 
the limited data available for this outcome and should not be interpreted as showing that 
individual characteristics are of limited value. There are good theoretical reasons to anticipate 
that characteristics that are useful for diagnosing any ICI will also be valuable for diagnosing 
specifically neurosurgical injury.
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TABLE 13 Individual clinical characteristics in adults with MHI – pooled estimates of likelihood ratios for predicting ICI

Clinical 
characteristic

No. of 
studies

Heterogeneity test 
p-valuea Pooled estimates

Sensitivity Specificity Sensitivity
95% 
HDR Specificity

95% 
HDR NLR

95% 
HDR PLR

95% 
HDR

Intoxication 10 < 0.001 < 0.001 21.4 13.5 
to 
31.4

84.6 76.7 
to 
90.3

0.931 0.844 
to 
1.007

1.38 0.97 to 
1.99

Fall – any 10 < 0.001 < 0.001 31.3 20.3 
to 
44.3

72.0 62.2 
to 
80.2

0.953 0.871 
to 
1.024

1.12 0.93 to 
1.29

Fall from a 
height

1 NA NA 28.0 17.3 
to 
41.9

87.8 85.6 
to 
89.6

0.820 0.689 
to 
0.977

2.29 1.43 to 
3.68

Dizziness 3 0.482 0.267 18.7 11.9 
to 
27.3

73.8 70.2 
to 
78.1

1.101 0.970 
to 
1.217

0.72 0.44 to 
1.09

Coagulopathy 8 < 0.001 < 0.001 4.9 0.6 to 
16.0

98.2 93.3 
to 
99.8

0.968 0.897 
to 
0.999

3.27 1.21 to 
7.52

Chronic 
alcohol

4 < 0.001 < 0.001 5.9 0.7 to 
40.8

97.6 49.5 
to 
99.8

0.973 0.933 
to 
1.186

2.00 0.79 to 
9.03

Assault 8 < 0.001 < 0.001 14.1 3.9 to 
36.0

86.2 67.4 
to 
95.4

0.997 0.924 
to 
1.038

1.02 0.68 to 
1.33

Age 
> 60 years

7 < 0.001 < 0.001 23.9 14.5 
to 
36.5

88.0 78.1 
to 
93.8

0.868 0.785 
to 
0.925

1.97 1.48 to 
2.81

Visual 
symptoms 

3 0.265 < 0.001 2.4 0.0 to 
21.4

94.2 70.7 
to 
99.3

1.033 0.940 
to 
1.199

0.39 0.00 to 
2.49

Prior 
neurosurgery

3 0.231 < 0.001 1.9 0.3 to 
5.1

99.8 92.3 
to 
100.0

0.985 0.969 
to 
1.030

8.67 0.62 to 
308.90

Motor vehicle 
collision – 
pedestrian

6 0.182 < 0.001 15.9 10.9 
to 
21.3

95.4 91.9 
to 
97.8

0.882 0.836 
to 
0.923

3.43 2.27 to 
6.45

Motor vehicle 
collision – in 
car

10 < 0.001 < 0.001 17.7 8.7 to 
31.0

74.4 57.7 
to 
86.0

1.108 1.031 
to 
1.218

0.69 0.53 to 
0.86

Motor vehicle 
collision with 
bicycle

2 0.011 < 0.001 10.6 6.4 to 
16.9

89.0 87.3 
to 
90.5

0.963 0.601 
to 
1.543

1.67 1.01 to 
2.75

Any seizure 10 0.262 < 0.001 2.8 1.1 to 
5.1

99.0 96.2 
to 
99.7

0.984 0.970 
to 
0.996

2.59 1.20 to 
6.40

Any LOC 17 < 0.001 < 0.001 59.9 43.0 
to 
75.8

58.0 39.5 
to 
74.1

0.698 0.532 
to 
0.871

1.41 1.14 to 
1.84

Any headache 13 < 0.001 < 0.001 36.8 25.5 
to 
50.5

70.3 57.3 
to 
79.8

0.901 0.792 
to 
1.005

1.23 0.99 to 
1.55

Undefined 
vomiting

10 < 0.001 < 0.001 20.2 13.7 
to 
28.3

92.2 85.8 
to 
95.9

0.868 0.794 
to 
0.935

2.58 1.52 to 
4.49

continued
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TABLE 13 Individual clinical characteristics in adults with MHI – pooled estimates of likelihood ratios for predicting ICI 
(continued)

Clinical 
characteristic

No. of 
studies

Heterogeneity test 
p-valuea Pooled estimates

Sensitivity Specificity Sensitivity
95% 
HDR Specificity

95% 
HDR NLR

95% 
HDR PLR

95% 
HDR

Undefined or 
mixed amnesia

7 < 0.001 < 0.001 50.9 24.5 
to 
77.9

60.0 35.3 
to 
79.7

0.815 0.579 
to 
1.008

1.27 0.98 to 
1.59

PTS 2 0.002 0.002 7.9 6.0 to 
10.4

99.4 99.2 
to 
99.5

0.921 0.841 
to 
1.009

12.39 8.41 to 
18.24

Severe or 
persistent 
headache

2 < 0.001 < 0.001 19.4 16.8 
to 
22.2

80.5 79.9 
to 
81.2

1.028 0.959 
to 
1.101

1.00 0.86 to 
1.16

Persistent 
vomiting

4 < 0.001 < 0.001 16.1 3.0 to 
50.7

97.2 69.3 
to 
99.9

0.871 0.659 
to 
0.983

5.53 1.33 to 
30.12

Retrograde 
amnesia

4 < 0.001 < 0.001 44.3 36.9 
to 
55.2

81.6 56.7 
to 
91.6

0.687 0.635 
to 
0.848

2.41 1.21 to 
4.55

Anterograde or 
post-traumatic 
amnesia

6 < 0.001 < 0.001 16.2 6.8 to 
30.9

91.9 83.2 
to 
96.4

0.912 0.825 
to 
0.972

1.95 1.48 to 
2.62

GCS < 15 25 < 0.001 < 0.001 44.9 37.7 
to 
51.8

86.7 80.6 
to 
91.2

0.638 0.557 
to 
0.722

3.35 2.31 to 
5.03

GCS < 14 12 < 0.001 < 0.001 15.0 11.4 
to 
18.9

96.0 94.3 
to 
97.4

0.885 0.853 
to 
0.915

3.81 2.87 to 
4.93

GCS decrease 3 0.024 < 0.001 27.3 20.8 
to 
36.7

95.7 83.4 
to 
98.8

0.763 0.711 
to 
0.822

6.39 2.05 to 
19.33

Focal 
neurological 
deficit

8 < 0.001 < 0.001 6.6 1.2 to 
16.9

98.6 95.2 
to 
99.8

0.95 0.84 
to 
1.01

9.671 0.663 to 
38.950

Depressed 
skull fracture

2 0.004 0.452 9.1 5.5 to 
14.5

99.9 99.6 
to 
100.0

0.967 0.819 
to 
1.141

102.15 13.13 to 
794.41

Basal skull 
fracture

8 < 0.001 < 0.001 21.1 8.4 to 
33.9

98.4 90.5 
to 
100.0

0.80 0.72 
to 
0.92

54.070 3.594 to 
353.700

Radiological 
skull fracture

8 < 0.001 < 0.001 29.8 9.8 to 
55.9

97.4 94.2 
to 
99.2

0.720 0.455 
to 
0.923

14.26 3.68 to 
38.43

NA, not applicable.
a The p-value based on Q-statistic.
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TABLE 14 Individual clinical characteristics in adults with MHI – pooled estimates of likelihood ratios for predicting need 
for neurosurgery

Clinical 
characteristic

No. of 
studies

Heterogeneity test 
p-valuea Pooled estimates

Sensitivity Specificity Sensitivity
95% 
HDR Specificity

95% 
HDR NLR

95% 
HDR PLR

95% 
HDR

Fall – any 2 0.952 0.002 17.9 5.2 to 
46.1

74.4 72.3 to 
76.5

1.027 0.334 
to 
3.159

0.91 0.29 to 
2.83

Assault 1 NA NA 63.6 33.9 
to 
85.7

83.2 78.4 to 
87.0

0.437 0.200 
to 
0.957

3.78 2.26 to 
6.32

Motor vehicle 
collision – 
pedestrian

1 NA NA 4.5 0.3 to 
44.8

85.9 81.4 to 
89.5

1.111 0.969 
to 
1.274

0.32 0.02 to 
4.91

Motor vehicle 
collision – in 
car

2 0.498 0.291 8.5 1.2 to 
42.5

58.4 56.1 to 
60.8

1.546 0.243 
to 
9.826

0.21 0.03 to 
1.36

GCS < 15 7 0.026 < 0.001 53.1 34.8 
to 
73.1

86.8 62.3 to 
96.2

0.546 0.310 
to 
0.881

4.00 1.24 to 
14.61

GCS < 14 5 0.271 < 0.001 21.0 10.0 
to 
33.4

94.3 84.9 to 
98.0

0.839 0.684 
to 
1.042

3.67 0.75 to 
15.81

Focal 
neurological 
deficit

1 NA NA 50.0 20.0 
to 
80.0

93.7 90.7 to 
95.8

0.534 0.125 
to 
2.272

7.93 1.86 to 
33.79

Depressed 
skull fracture

1 NA NA 60.0 20.0 
to 
90.0

99.98 99.6 to 
100.0

0.400 0.137 
to 
1.171

2.56 146.6 
to 
44,909

Any LOC 1 NA NA 16.7 1.0 to 
80.6

38.7 36.1 to 
41.3

2.156 0.103 
to 
44.998

0.27 0.01 to 
5.67

Any headache 1 NA NA 25.0 3.4 to 
76.2

78.5 73.0 to 
83.0

0.956 0.098 
to 
9.368

1.16 0.12 to 
11.38

Undefined 
vomiting

2 0.858 0.015 22.3 5.6 to 
58.1

94.6 93.6 to 
95.4

0.811 0.386 
to 
1.706

6.41 1.50 to 
27.33

Undefined or 
mixed amnesia

1 NA NA 16.7 1.0 to 
80.6

61.1 58.5 to 
63.7

1.363 0.065 
to 
28.451

0.43 0.02 to 
8.95

Severe or 
persistent 
headache

1 NA NA 20.0 2.7 to 
69.1

67.7 65.7 to 
69.6

1.182 0.132 
to 
10.596

0.62 0.07 to 
5.55

Radiological 
skull fracture

3 0.004 < 0.001 43.1 31.0 
to 
58.6

91.3 87.3 to 
94.1

0.623 0.444 
to 
0.788

4.99 2.48 to 
9.48

PTS 1 NA NA 8.3 0.5 to 
62.2

96.3 92.0 to 
98.3

0.952 0.924 
to 
0.982

0.09 0.01 to 
1.38

NA, not applicable.
a The p-value based on Q-statistic.
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Children
Tables 15 and 16 show the sensitivity, specificity, PLR and NLR for each individual clinical 
characteristic for predicting ICI or need for neurosurgery in children. Further details are 
provided in Appendix 6. Corresponding data are provided in Table 17 for infants; however, no 
studies evaluated the diagnostic accuracy of individual clinical characteristics for predicting the 
need for neurosurgery in infants. Further details are also provided in Appendix 6.

Only individual clinical characteristics that were defined consistently and in a clinically 
meaningful way were included in the meta-analyses. Three studies93,141,142 were excluded from 
the meta-analysis because they did not define the characteristics they reported (neurological 
examination,141 clinical signs of skull fracture93 and physical examination)142 in a way similar 
enough to other studies to be meaningfully meta-analysed.

As with adults, clinical assessment is generally used to identify features that increase the 
likelihood of ICI, although both the absence of any LOC and a normal GCS moderately reduced 
the likelihood of ICI. The most useful characteristics were depressed or basal skull fracture and 
focal neurological deficit (PLR > 10), although, as mentioned above, skull fractures are usually 
identified on CT scanning, so the clinical utility of the impressive PLR is limited. Coagulopathy, 
PTS and previous neurosurgery (albeit in only one study) all markedly increased the likelihood 
of ICI (PLR 5–10). Visual symptoms, bicycle and pedestrian MVA, any seizure, LOC, vomiting, 
severe or persistent headache, anterograde or retrograde amnesia, GCS < 14, GCS < 15 and 
radiological skull fracture all moderately increased the likelihood of ICI (PLR 2–5). Meanwhile, 
headache (other than severe or persistent), scalp haematoma and scalp laceration were not 
diagnostically useful.

There were only four studies88,131,137,139 that reported neurosurgical injury as an outcome, so only 
very limited conclusions can be drawn and, as suggested with adults, it may be more appropriate 
to simply extrapolate from estimates for any ICI. The absence of radiological fracture had 
some value for ruling out neurosurgical injury. GCS < 14, seizure, headache and vomiting each 
moderately increased the likelihood of neurosurgical injury.

The results for infants were based on a small number of heterogeneous studies, so the results 
should be interpreted with caution. The failure to show diagnostic value for some characteristics 
may reflect the limitations of the data rather than a genuine lack of value. Both depressed skull 
fracture and focal neurological deficit substantially increased the likelihood of ICI. Radiological 
skull fracture, GCS < 15 and any LOC moderately increased the likelihood of ICI.

Biomarkers
Description of included studies (design and patient characteristics)
The design and patient characteristics of the 12 studies98,113,115,130,143–150 that evaluated the 
diagnostic accuracy of various biochemical markers for diagnosing ICI (including the need 
for neurosurgery) in adults and children with MHI are summarised in Table 18. Nine studies 
provided diagnostic data on protein S100B only,98,113,115,143–149 one on NSE only115,130 and one on 
other markers [creatine kinase isozyme (CK-BB), noradrenaline, adrenaline, dopamine, amylase 
and total catecholamines].150 One study115 provided diagnostic data on both protein S100B and 
NSE levels.
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TABLE 15 Individual clinical characteristics in children with MHI: pooled estimates of likelihood ratios for predicting ICI

Clinical 
characteristic

No. of 
studies

Heterogeneity test 
p-valuea Pooled estimates

Sensitivity Specificity Sensitivity
95% 
HDR Specificity

95% 
HDR NLR

95% 
HDR PLR

95% 
HDR

Intoxication 4 0.689 < 0.001 3.8 1.8 
to 
6.4

98.6 90.2 
to 
99.8

0.976 0.946 
to 
1.072

2.72 0.29 to 
26.06

Fall – any 5 < 0.001 < 0.001 34.7 17.0 
to 
56.5

54.7 49.1 
to 
60.6

1.206 0.726 
to 
1.683

0.78 0.34 to 
1.41

Fall from a 
height

2 0.423 0.421 20.0 15.8 
to 
25.0

80.2 79.7 
to 
80.7

0.991 0.787 
to 
1.247

1.01 0.80 to 
1.28

Dizziness 3 0.881 0.012 5.2 0.6 
to 
13.3

93.5 85.7 
to 
98.5

1.014 0.910 
to 
1.109

0.79 0.11 to 
4.30

Coagulopathy 2 0.010 < 0.001 5.8 3.2 
to 
10.5

99.7 99.6 
to 
99.8

0.942 0.520 
to 
1.706

6.56 3.08 to 
14.00

Assault 2 0.648 0.017 3.4 1.9 
to 
6.0

95.9 95.6 
to 
96.1

1.010 0.565 
to 
1.805

0.79 0.44 to 
1.42

Visual 
symptoms

2 < 0.001 0.933 9.1 5.6 
to 
14.5

98.9 98.8 
to 
99.1

0.864 0.549 
to 
1.360

3.51 1.63 to 
7.57

Prior 
neurosurgery

1 NA NA 0.7 0.2 
to 
2.8

99.9 99.8 
to 
99.9

0.994 0.984 
to 
1.004

5.93 1.42 to 
24.81

Motor vehicle 
collision – 
pedestrian

6 < 0.001 < 0.001 19.4 9.0 
to 
30.2

91.9 81.7 
to 
96.6

0.883 0.754 
to 
1.043

2.32 0.75 to 
6.56

Motor vehicle 
collision – in 
car

5 < 0.001 < 0.001 15.2 5.6 
to 
31.7

90.0 67.9 
to 
98.4

0.947 0.870 
to 
1.065

1.99 0.82 to 
4.30

Motor vehicle 
collision with 
bicycle

1 NA NA 15.3 11.5 
to 
20.0

96.7 96.5 
to 
96.9

0.876 0.833 
to 
0.921

4.63 3.49 to 
6.15

Any seizure 9 0.602 < 0.001 10.0 7.3 
to 
13.3

96.3 91.9 
to 
98.3

0.935 0.899 
to 
0.987

2.69 1.17 to 
6.24

Any LOC 17 < 0.001 < 0.001 45.9 36.4 
to 
55.6

80.1 67.4 
to 
87.3

0.679 0.566 
to 
0.814

2.30 1.46 to 
3.47

Any headache 14 < 0.001 < 0.001 33.9 22.9 
to 
47.6

73.3 62.1 
to 
81.3

0.905 0.784 
to 
1.010

1.26 0.97 to 
1.61

Undefined 
vomiting

14 < 0.001 < 0.001 30.9 21.6 
to 
40.1

76.0 68.1 
to 
83.8

0.910 0.774 
to 
1.059

1.29 0.85 to 
1.99

Undefined or 
mixed amnesia

8 < 0.001 < 0.001 33.4 17.8 
to 
52.4

81.4 63.1 
to 
93.3

0.821 0.642 
to 
0.998

1.82 1.00 to 
3.74

Undefined or 
mixed amnesia

8 < 0.001 < 0.001 33.4 17.8 
to 
52.4

81.4 63.1 
to 
93.3

0.821 0.642 
to 
0.998

1.82 1.00 to 
3.74

continued
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Of the 10 S100B studies, four were from Germany,98,115,143,149 three from Scandinavia (including 
one multinational project),113,145,148 and one each from Austria,144 Brazil147 and Slovakia.146 Half of 
the studies were derivation studies, using receiver-operating characteristic (ROC) curve analysis 
of the study data to derive a best-fit value for optimising sensitivity and specificity.98,113,115,143,149 
The other five could be classed as validation studies, where a predefined cut-off value, 
based on derivation studies, was used to dichotomise patients into positive and negative for 
S100B.98,113,115,143–149 Only one study looked exclusively at paediatric patients (0–18 years),144 with 
some specifically excluding them and other authors not reporting this parameter. Patients were 
recruited prospectively, mostly consecutively, although in some cases it was not reported if they 

Clinical 
characteristic

No. of 
studies

Heterogeneity test 
p-valuea Pooled estimates

Sensitivity Specificity Sensitivity
95% 
HDR Specificity

95% 
HDR NLR

95% 
HDR PLR

95% 
HDR

Severe or 
persistent 
headache

5 < 0.001 < 0.001 13.5 7.8 
to 
21.5

94.9 81.8 
to 
99.3

0.916 0.872 
to 
0.986

4.35 1.07 to 
12.35

Persistent 
vomiting

4 0.028 < 0.001 22.1 10.7 
to 
40.6

92.9 87.4 
to 
96.8

0.840 0.635 
to 
0.969

3.14 1.30 to 
8.05

Anterograde 
or post-trauma 
amnesia

1 NA NA 20.9 12.8 
to 
32.3

93.0 89.2 
to 
95.5

0.851 0.401 
to 
1.804

2.97 1.40 to 
6.29

PTS 5 0.493 0.810 8.7 4.2 
to 
15.7

98.0 94.5 
to 
99.6

0.932 0.849 
to 
1.004

8.49 0.93 to 
31.66

Scalp 
laceration

3 0.002 0.051 7.4 0.1 
to 
33.7

89.1 83.0 
to 
94.7

1.040 0.782 
to 
1.107

0.67 0.02 to 
2.27

Scalp 
haematoma

5 < 0.001 < 0.001 45.4 27.0 
to 
57.6

73.1 64.9 
to 
82.5

0.745 0.615 
to 
0.918

1.70 1.30 to 
2.23

GCS < 15 12 < 0.001 < 0.001 46.3 29.6 
to 
64.2

89.6 81.1 
to 
94.7

0.602 0.418 
to 
0.765

4.42 2.63 to 
7.66

GCS < 14 5 < 0.001 < 0.001 40.4 12.8 
to 
77.5

89.1 18.9 
to 
99.6

0.718 0.429 
to 
1.674

3.58 0.80 to 
46.84

Focal 
neurological 
deficit

10 < 0.001 < 0.001 21.1 8.8 
to 
41.1

99.0 95.4 
to 
99.8

0.798 0.615 
to 
0.915

20.46 7.40 to 
54.24

Depressed 
skull fracture

2 0.032 < 0.001 16.0 12.4 
to 
20.5

99.8 99.7 
to 
99.9

0.855 0.756 
to 
0.966

73.82 46.45 
to 
117.32

Basal skull 
fracture

5 < 0.001 < 0.001 17.8 7.8 
to 
31.7

98.7 96.5 
to 
99.6

0.833 0.703 
to 
0.929

16.90 6.13 to 
32.44

Radiological 
skull fracture

7 < 0.001 < 0.001 48.4 40.8 
to 
57.3

89.3 67.7 
to 
97.3

0.585 0.516 
to 
0.708

4.55 1.64 to 
15.73

NA, not applicable.
a The p-value based on Q-statistic.

TABLE 15 Individual clinical characteristics in children with MHI: pooled estimates of likelihood ratios for predicting ICI 
(continued)
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had sustained an isolated head injury and presented to the hospital with GCS 13–15 and one or 
more additional symptoms including amnesia, LOC, nausea, vomiting, dizziness/vertigo and 
severe headache. These criteria were universal to all studies. Patients with focal neurological 
deficits, multiple injuries or a history of neurological disease were mostly excluded.

As technology has advanced, the methods for analysing blood samples for biomarkers have 
improved. Initial studies145,148 used the Sangtec 100 immunoradiometric assay kit (Sangtec 
Medical, Bromma, Sweden) with a detection limit of 0.2 µg/l. Subsequent researchers have 
advanced to more precise technology, such as the LIA-mat luminescence immunoassay115,149 
(Byk-Sangtec Diagnostica, Dietzenbach FRG) or attempted to achieve more rapid results with 
the DiaSorin automated immunoluminometric Liaison assay113,115,143 (DiaSorin, Saluggia, Italy) 
or the Roche Elecsys S100 electrochemiluminometric assay (Roche, Basel, Switzerland).143,144,146,147 
Initial studies describe a delay of up to 24 hours between injury and blood sampling,148 but more 
recently it has been recognised that the short half-life of protein S100B necessitates more rapid 
sampling and analysis. Studies report this differently, but the majority of patients had blood 
samples taken within 3 hours, with only the two most recent studies extending this to up to 
6 hours following injury.

TABLE 16 Individual clinical characteristics in children with MHI – pooled estimates of likelihood ratios for predicting 
need for neurosurgery

Clinical 
characteristic

No. of 
studies

Heterogeneity test 
p-valuea Pooled estimates

Sensitivity Specificity Sensitivity
95% 
HDR Specificity

95% 
HDR NLR

95% 
HDR PLR

95% 
HDR

GCS < 14 2 0.912 < 0.001 24.2 16.5 to 
34.0

88.9 87.2 
to 
90.5

0.863 0.677 
to 
1.102

2.10 1.34 to 
3.28

Any seizure 1 NA NA 33.3 4.3 to 
84.6

92.3 88.7 
to 
94.8

0.723 0.324 
to 
1.610

4.31 0.83 to 
22.33

PTS 1 NA NA 8.3 0.5 to 
62.2

96.3 92.0 
to 
98.3

0.952 0.924 
to 
0.982

0.09 0.01 to 
1.38

Any LOC 1 NA NA 16.7 1.0 to 
80.6

73.9 68.7 
to 
78.5

1.128 0.054 
to 
23.748

0.64 0.03 to 
13.43

Any headache 2 0.161 0.479 64.2 26.6 to 
89.9

68.9 64.6 
to 
72.9

0.267 0.186 
to 
0.384

2.39 1.60 to 
3.58

Undefined 
vomiting 

2 0.638 < 0.001 55.3 24.6 to 
82.4

70.4 66.1 
to 
74.4

0.558 0.316 
to 
0.986

2.36 0.96 to 
5.83

Undefined or 
mixed amnesia 

1 NA NA 16.7 1.0 to 
80.6

80.0 75.2 
to 
84.1

1.042 0.049 
to 
21.976

0.83 0.04 to 
17.58

Radiological 
skull fracture 

1 NA NA 73.1 61.3 to 
82.4

53.3 49.7 
to 
56.9

0.504 0.337 
to 
0.752

1.57 1.33 to 
1.85

GCS < 15 2 0.298 < 0.001 45.1 35.1 to 
55.4

74.3 72.0 
to 
76.5

0.763 0.573 
to 
1.015

1.71 1.24 to 
2.36

NA, not available.
a The p-value based on Q-statistic.
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One study115 investigating protein S100B also used separate samples to analyse NSE. This was 
in intoxicated adult patients presenting consecutively to the ED following symptomatic MHI, 
during Oktoberfest in Germany. Subjects who refused consent or had sustained extracranial 
injuries were excluded. Samples were taken in < 2 hours and all patients received a subsequent 
cranial CT. Samples were processed to citrated plasma and analysed using the fully automated 
electrochemiluminescence Elecsys NSE assay (Roche, Basel, Switzerland). Sample concentrations 
for CT-positive and CT-negative groups were compared for any statistically significant difference. 
A subsequent ROC curve was generated. The second study into NSE prospectively recruited 49 
children, age 0–18 years, presenting within 24 hours of any severity head injury (39 mild and 10 
moderate/severe) and selected patients on the basis of requiring CT. The mean time from injury 
to sample was around 4 hours (± 3 hours) and samples were processed using a radioimmunoassay 

TABLE 17 Individual clinical characteristics in infants with MHI – pooled estimates of likelihood ratios for predicting ICI

Clinical 
characteristic

No. of 
studies

Heterogeneity test 
p-valuea Pooled estimates

Sensitivity Specificity Sensitivity
95% 
HDR Specificity

95% 
HDR NLR

95% 
HDR PLR

95% 
HDR

Fall – any 2 0.771 0.620 66.6
48.3 
to 
81.0

24.1
16.8 to 
33.3

1.365
0.893 to 
2.085

0.88
0.67 to 
1.16

Motor vehicle 
collision – in 
car

1 NA NA 25.0
6.3 to 
62.3

93.1
76.2 to 
98.3

0.806
0.533 to 
1.216

3.63
0.60 to 
21.86

Coagulopathy 1 NA NA 4.0
0.6 to 
23.5

97.0
94.2 to 
98.5

0.990
0.911 to 
1.075

1.33
0.17 to 
10.16

Any seizure 2 0.858 0.017 13.7
2.8 to 
47.2

84.3
69.5 to 
92.7

1.066
0.240 to 
4.730

1.32
0.23 to 
7.55

Any LOC 4 < 0.001 < 0.001 39.4
20.6 
to 
65.2

84.1
56.2 to 
95.5

0.730
0.519 to 
0.901

2.51
1.23 to 
5.28

Undefined 
vomiting

2 0.858 0.991 13.7
2.8 to 
47.2

79.4
70.2 to 
86.3

1.155
0.583 to 
2.289

0.67
0.12 to 
3.65

PTS 1 NA NA 8.0
2.0 to 
26.9

91.0
87.1 to 
93.8

1.011
0.896 to 
1.141

0.89
0.22 to 
3.53

Persistent 
vomiting 

1 NA NA 13.0
4.5 to 
32.4

87.0
82.6 to 
90.4

1.000
0.296 to 
3.373

1.00
0.30 to 
3.37

GCS < 15 3 0.004 < 0.001 51.9
34.4 
to 
75.8

84.5
45.8 to 
95.2

0.586
0.377 to 
0.791

3.38
1.24 to 
8.02

Scalp 
haematoma

2 0.927 0.312 65.8
56.9 
to 
73.6

56.1
55.1 to 
57.0

0.605
0.531 to 
0.689

1.51
1.33 to 
1.73

Focal 
neurological 
deficit

1 NA NA 33.3
4.3 to 
84.6

97.1
89.0 to 
99.3

0.687
0.043 to 
11.098

11.33
0.70 to 
183.11

Radiological 
skull fracture

2 0.058 < 0.001 64.7
44.8 
to 
80.5

81.4
76.8 to 
85.3

0.051
0.046 to 
0.057

4.51
3.45 to 
5.88

Depressed 
skull fracture

1 NA NA 25.0 6.3 to 
62.3

98.3 78.0 to 
99.9

0.763 0.510 to 
1.142

14.50 0.72 to 
290.82

NA, not available.
a The p-value based on Q-statistic.
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technique. CT-positive and CT-negative group results were compared using the Student’s t-test 
and a subsequent ROC curve was generated.

In the only study identified investigating other biochemical markers,150 patients were recruited 
consecutively if they presented following a MHI (evidence of external head trauma or witnessed 
injury) and demonstrated evidence of alcohol intoxication (clinically or upon investigation). 
Serum samples were taken upon recruitment and prior to CT scan with a mean time from injury 
to evaluation of 1.5 ± 0.2 hours. All subjects received a CT scan, which was assessed for any acute 
ICI. Multiple biomarkers were tested for in each sample and results were analysed independently 
of CT findings. ROC curves were generated for each biomarker, with a statistically significant 
difference in CT-positive and CT-negative groups (unpaired t-test) and, from these, different 
values were calculated to optimise both sensitivity and specificity and then to achieve a sensitivity 
of 100%.

Quality of included studies
The quality assessment of each included study is summarised in Figures 19 and 20. Although the 
patient selection criteria were consistent and clearly described across all studies, no study met all 
of the QUADAS criteria, as nearly all patients were chosen selectively by being symptomatic at 
presentation. Although an argument could be made for the fact that these biochemical markers 
should be used in conjunction with clinical assessment, from a quality-control perspective testing 
should take place in an undifferentiated sample of subjects for whom the condition has been 
universally applied, in this case any patient having suffered a MHI.

All patients received both the index test and reference standard, with the results being interpreted 
independently. Castellani et al.144 selectively included those patients undergoing CT from a 
larger cohort of potential subjects, contributing to patient spectrum bias. Differential verification 
bias was generally avoided for ICI, with no studies focusing on neurosurgical injury. Test 
execution was inconsistently described across all studies, particularly the details of CT scan 
method, although sampling and biomarker analysis were well described and repeatable from 
such descriptions. Positive CT scans were considered as any visible acute ICI and no definition 
of clinical significance or neurosurgical injury was attempted. Clinical data were available as for 
normal practice, but in all studies it was unclear whether there were any uninterpretable results 
or subject withdrawal.

Summary of test accuracy results: biochemical markers
Protein S100B
Tables 19 and 20 show a summary of the test characteristics and raw data with calculated 
sensitivities, specificities and (negative and positive) likelihood ratios for each study of adults 
with ICI. Pooling all the raw data for meta-analysis, using dichotomised S100B results (not 
accounting for delay until sampling, method of biochemical analysis or cut-off value) gives an 
estimated sensitivity of 96.8% (95% HDR 93.8% to 98.6%) and specificity of 42.5% (95% HDR 
31.0% to 54.2%). Bayesian analysis of these data gives a NLR of 0.076 (95% HDR 0.031 to 0.156) 
and PLR of 1.68 (95% HDR 1.40 to 2.11).

The single study identified investigating this biomarker in the paediatric population found 14 
out of 109 patients with ICI and a further 22 patients with isolated skull fracture on CT. All 36 
patients had elevated S100B concentrations, resulting in a sensitivity of 100% (95% CI 92% to 
100%) and a negative predictive value of 100% (95% CI 90% to 100%). Only 31 subjects had a 
negative sample giving the 42 remaining a false-positive result. This gives a specificity of 42% 
(95% CI 38% to 43%). These data have not been included in the likelihood ratio calculations.
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Reference standard adequate?
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Reference standard execution details reported?
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Clinical review bias avoided?

Uninterpretable results reported?

Withdrawals accounted for?
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FIGURE 19 Biochemical markers for MHI – methodological quality graph. Review authors’ judgements about each 
methodological quality item presented as percentages across all included studies.
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Neuron-specific enolase
Two studies115,130 (not meta-analysable) investigated the role of NSE in triage for CT in different 
age groups. Mussack et al.115 analysed samples in 139 adults alongside their study on S100B, 
identified a cut-off value (using ROC curve data) of 12.28 ng/ml, giving a sensitivity of 100%, but 
a specificity of only 6.9%. The area under the curve (AUC) was 0.589, demonstrating an almost 
complete lack of differentiation. Fridriksson et al.130 studied 49 children aged 0–18 years, selecting 
patients by the need for CT scan following blunt head trauma (severity not defined). Using a 
different radioimmunoassay technique, they identified a cut-off value of 15.3 ng/ml from their 
ROC curve analysis. This resulted in a sensitivity of 77% with a specificity of 52%. These two 

TABLE 20a Biochemical markers for MHI – meta-analysis of S100B biomarkers for ICI in adults

Study
No. of 
patients

Observed estimates Posterior median estimatesa

Sensitivityb Specificityb Sensitivity
95% 
HDR Specificity

95% 
HDR NLR

95% 
HDR PLR

95% 
HDR

Ingebrigtsen et al. 
2000145

182 90.0 65.1 97.0 89.8 
to 
99.0

63.7 56.4 
to 
70.7

0.048 0.015 
to 
0.158

2.65 2.20 
to 
3.29

Romner et al. 
2000148

278 92.0 66.4 97.0 89.4 
to 
99.1

65.3 59.4 
to 
71.1

0.047 0.014 
to 
0.162

2.78 2.35 
to 
3.33

Biberthaler et al. 
2001149

52 100.0 40.5 96.8 93.8 
to 
98.7

40.9 27.6 
to 
55.3

0.078 0.031 
to 
0.170

1.64 1.33 
to 
2.17

Biberthaler et al. 
2002143

104 100.0 46.3 96.9 93.8 
to 
98.7

45.8 35.6 
to 
56.1

0.070 0.028 
to 
0.141

1.78 1.50 
to 
2.21

Mussack et al. 
2002115

139 100.0 50.0 96.9 93.4 
to 
98.7

49.3 40.7 
to 
58.0

0.065 0.026 
to 
0.135

1.90 1.63 
to 
2.31

Biberthaler et al. 
200698

1309 98.9 29.7 96.7 93.4 
to 
98.8

29.8 27.3 
to 
32.4

0.110 0.040 
to 
0.222

1.38 1.31 
to 
1.44

Poli-de-Figueiredo 
et al. 2006147

50 100.0 20.5 96.7 92.2 
to 
99.1

25.0 14.3 
to 
37.7

0.129 0.039 
to 
0.405

1.29 1.11 
to 
1.56

Muller et al. 2007113 226 95.2 31.2 96.7 93.5 
to 
98.7

31.8 25.8 
to 
38.3

0.102 0.040 
to 
0.215

1.42 1.29 
to 
1.57

Morochovic et al. 
2009146

102 83.3 29.8 96.7 93.5 
to 
98.6

33.9 24.8 
to 
44.0

0.098 0.040 
to 
0.219

1.46 1.27 
to 
1.73

a Posterior median estimates of posterior distribution for Bayesian meta-analyses.
b Sensitivity and specificity estimates calculated from the observed data.

TABLE 20b Biochemical markers for MHI – meta-analysis of S100B biomarkers for ICI in adults

No. of 
studies

Heterogeneity test 
p-valuec Pooled estimates

Sensitivity Specificity Sensitivity
95% 
HDR Specificity

95% 
HDR NLR

95% 
HDR PLR

95% 
HDR

9 0.334 < 0.001 96.8 93.8 
to 
98.6

42.5 31.0 
to 
54.2

0.076 0.031 
to 
0.156

1.68 1.40 
to 
2.11

a The p-value based on Q-statistic.
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studies have not been validated elsewhere, but suggest that NSE is a poor marker for predicting 
ICI, or the lack of, on cranial CT.

Other markers
In 1995 Levitt et al.150 studied 107 intoxicated patients following MHI, all of whom received 
a CT scan and had a sample of blood taken within 3 hours. Of the potential biochemical 
markers under investigation (CK-BB, noradrenaline, adrenaline, dopamine, amylase and total 
catecholamines) only adrenaline and dopamine were associated with positive CT findings. 
From these data, the authors generated ROC curves calculating a cut-off value of 116 pg/ml for 
adrenaline and 104 pg/ml for dopamine that gave a sensitivity for ICI of 100% (95% CI 66% to 
100%) with an acceptable specificity of 57% (95% CI 47% to 67%) and 58% (95% CI 48% to 68%), 
respectively. These findings do not appear to have been validated elsewhere in the literature.
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Chapter 4  

Review of studies evaluating diagnostic 
management strategies

A systematic review of the literature was undertaken to identify studies that evaluated 
alternative diagnostic management strategies for MHI. We sought studies that compared 

the effect upon processes or outcomes for patients with MHI of two or more alternative 
strategies. The systematic review was undertaken in accordance with the standard guidelines 
published by the Cochrane Effective Practice and Organisation of Care (EPOC) Review Group 
(www.epoc.uottawa.ca).

Methods for reviewing management practices

Identification of studies
Electronic databases
Studies were identified by searching the following electronic databases:

 ■ MEDLINE (via OvidSP) 1950 to March 2010
 ■ MEDLINE In-Process & Other Non-Indexed Citations (via OvidSP) 1950 to March 2010
 ■ CINAHL (via EBSCO) 1981 to April 2009
 ■ EMBASE (via OvidSP) 1980 to April 2009
 ■ WoS (includes SCI and CPCI) (via WOK) 1899 to April 2009
 ■ CENTRAL (via Cochrane Library Issue 2, 2009)
 ■ CDSR (via Cochrane Library Issue 2, 2009)
 ■ NHS DARE (via Cochrane Library Issue 2, 2009)
 ■ HTA Database (via Cochrane Library Issue 2, 2009)
 ■ ReFeR
 ■ NIHR databases
 ■ INAHTA
 ■ TRIP database.

Sensitive keyword strategies using free text and, where available, thesaurus terms using Boolean 
operators and database-specific syntax were developed to search the electronic databases. 
Synonyms relating to the condition (e.g. head injury) were combined with a search filter aimed 
at restricting results to prognostic studies (used in the searches of MEDLINE, CINAHL and 
EMBASE). Date limits or language restrictions were not used on any database. All resources 
were searched from inception to April 2009. Updated searches to March 2010 were conducted 
on the MEDLINE databases only. An example of the MEDLINE search strategy is provided 
in Appendix 1.

Other resources
To identify additional published, unpublished and ongoing studies, the reference lists of all 
relevant studies (including existing systematic reviews) were checked and a citation search of 
relevant articles (using the WOK’s SCI and SSCI) was undertaken to identify articles that cite 
the relevant articles. In addition, systematic keyword searches of the WWW were undertaken 
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using the Copernic Agent Basic (version 6.12) meta-search engine and key experts in the field 
were contacted.

All identified citations from the electronic searches and other resources were imported into, and 
managed using, the Reference Manager (version 12.0) bibliographic software.

Inclusion and exclusion criteria
The inclusion of potentially relevant articles was undertaken using the method described in 
Chapter 3 (see Inclusion and exclusion criteria). However, the relevance of each article was 
assessed according to the following criteria.

Study design
Randomised controlled trials, controlled clinical trials (CCTs) and controlled before/after 
(CBA) studies (with a minimum of 20 patients) were included. We did not include uncontrolled 
before/after studies or cohort studies, but recorded when such studies were identified. Studies 
that compared alternative strategies in the same group of patients (i.e. by applying a new rule to 
existing data) and studies that compared strategies in theoretical cohorts were excluded.

Reviews of primary studies were not included in the analysis, but were retained for discussion 
and identification of additional studies. The following publication types were excluded from the 
review: animal studies, narrative reviews, editorials, opinions and non-English-language papers.

Population
All studies of adults and children (of any age) with MHI (defined as blunt head injury with a 
GCS of 13–15 at presentation) were included. Studies of patients with moderate or severe head 
injury (defined by a GCS ≤ 12 at presentation) or no history of injury were excluded. Studies that 
recruited patients with a broad range of head injury severity were included only if > 50% of the 
patients had MHI.

Intervention
Any diagnostic management or organisational change strategy for MHI was included.

Comparator
Any alternative comparators were included.

Outcomes
The main outcomes of interest were:

 ■ hospital admissions
 ■ length of stay
 ■ time to neurosurgery
 ■ patient outcomes [e.g. quality of life (QoL), headaches].

Data abstraction strategy
Data abstraction was performed by one reviewer (APa) into a standardised data extraction 
form and independently checked for accuracy by a second (SG). Discrepancies were resolved by 
discussion. Where multiple publications of the same study were identified, data were extracted 
and reported as a single study. The authors of the relevant studies were contacted to provide 
further details in cases where information was missing from the articles.

The following information was extracted for all studies when reported:
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 ■ study design (RCT, CCT, CBA)
 ■ description of intervention
 ■ description of control
 ■ types of study participants (age, gender, patients included, hospitals included)
 ■ study setting (country)
 ■ methods (unit of allocation, unit of analysis, study power) 
 ■ main outcome measures (process measures, patient outcomes and length of time during 

which outcomes were measured after initiation of intervention)
 ■ results for the main outcome measures.

Quality assessment strategy
The methodological quality of each included study was assessed by one reviewer (APa) and 
checked by another (SG) using the quality criteria recommended by EPOC.151 Disagreements 
between assessors were discussed and resolved by consensus. In the case of no consensus 
agreement, a third reviewer (APi) was consulted.

The quality assessment criteria (as described in the EPOC data collection checklist) to assess 
RCTs or CCTs were: concealment of allocation, follow-up of professionals, follow-up of patients 
or episodes of care, blinded assessment of primary outcome(s), baseline measurement, reliable 
primary outcomes measure(s) and protection against contamination. The criteria to assess 
CBA studies were: baseline measurement, characteristics of studies using second site as control, 
blinded assessment of primary outcome(s), protection against contamination, reliable primary 
outcomes measure(s), follow-up of professionals and follow-up of patients.

Study quality was assessed, with each item scored as ‘done’, ‘not done’ or ‘not clear’. A study was 
judged as having a low risk of bias if all criteria were rated as done or not applicable; a moderate 
risk of bias was assigned if one or two criteria were not done, partially done or not clear; and a 
high risk of bias was assigned if three or more criteria were not done, partially done or not clear.

Methods of data synthesis
The extracted data and quality assessment variables were presented for each study, both in 
structured tables and as narrative description. No meta-analysis was planned owing to the 
anticipated limited number of studies of sufficient quality and homogeneity.

Results of the review of management practices

Studies included in the review
The literature searches identified 8003 citations. Of the titles and abstracts screened, 12 relevant 
full papers were retrieved and assessed in detail.21,22,37,136,152–159 One RCT37 comparing immediate 
CT during triage with observation in hospital for patients with MHI fulfilled the inclusion 
criteria. A flow chart describing the process of identifying relevant literature can be found in 
Appendix 7. Studies excluded from the review are listed in Appendix 8.

Description of included studies
The included study37 was a large, randomised, multicentre, pragmatic, non-inferiority, controlled 
trial. A summary of the design and patient characteristics is presented in Table 21.

The RCT recruited 2602 patients between May 2001 and January 2004 at 36 acute hospitals 
in Sweden. The trial included patients aged ≥ 6 years with MHI (within 24 hours) who 
attended EDs. Patients were randomly assigned to immediate CT or observation in hospital. 
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The study was designed to demonstrate that a management strategy based on CT and early 
discharge leads to similar clinical outcomes compared with observation in hospital. The 
primary end point was an outcome according to a dichotomised GOS-E, 3 months after the 
injury [8 (fully recovered) vs 1–7 (not fully recovered)]. Secondary end points were the same 
scores dichotomised in six other possible ways.37

Quality of included studies
The included RCT37 was considered to be at moderate risk of bias (Table 22). Patients and carers 
were inevitably not blinded so subjective outcomes may have been influenced by awareness 
of treatment group. Individual patient randomisation in a trial of different methods of service 
delivery raises the possibility of bias owing to contamination of the intervention or control group. 
However, crossover rates were low, with only 8.9% (117/1316) of the CT group being admitted for 
observation and 8.6% (111/1286) of the observation group receiving CT.

Summary of management practice results
The main findings from this trial37 were that at 3 months 21.4% (275/1283) of patients in the CT 
group had not recovered completely compared with 24.2% (300/1240) admitted for observation. 
The difference was found to be not significant in favour of CT (95% CI –6.1% to 0.6%). The 
worst outcomes (mortality and severe loss of function) were similar between the groups. None 
of the patients with normal findings on immediate CT had complications later. The authors37 
concluded that the use of CT in the management of patients with MHI is feasible and leads to 
similar outcomes compared with observation in hospital. An associated cost analysis36 reports 
a mean cost per patient of €461 (£314, US$582) in the CT group and €677 (£462, $854) in the 
observation group (difference €216, 95% CI –€272 to –€164; p < 0.001), leading the authors to 
conclude that CT is more cost-effective than hospital admission for MHI.

The single trial identified in this review provides good evidence that early CT and discharge of 
patients with MHI is at least as effective as hospital admission and costs less. The main limitation 
is that a trial can only feasibly compare a limited number of alternatives – in this case two. It is 
possible that other strategies, such as those using clinical decision rules to select patients for CT 
or hospital admission, could achieve comparable outcomes at similar cost.

Additional evidence
Eleven studies were identified (two contemporaneous cohort studies152,153 and nine uncontrolled 
before/after studies)21,22,136,154–159 that did not fulfil the inclusion criteria of the systematic review, 
but are reported here as additional evidence (i.e. data presented as structured tables with a 
narrative description, but without a formal quality assessment). The two contemporaneous 
cohort studies152,153 compared alternative hospital admission policies, whereas nine uncontrolled 
before/after studies21,22,136,154–159 evaluated the effect of introducing guidelines for head injury 
management. A summary of the study and patient characteristics is presented in Table 23.

Cohort studies
Two prospective cohort studies152,153 determined the effect of a change in admission policy in 
the management of MHIs. Fabbri et al.153 evaluated early home monitoring (up to 12 hours in 
hospital observation and early home monitoring) with in-hospital observation (24–48 hours in 
hospital observation followed by home monitoring). The results showed that in the in-hospital 
arm 1.4% (of these 0.5% after discharge) developed intracranial injuries compared with 0.7% 
in the early home monitoring group. No patients with previously undiagnosed intracranial 
injuries had a neurosurgical intervention. After 6 months, five patients (0.8%) died in the home 
monitoring group compared with eight patients (1.0%) in the hospital arm. No permanent 
disability or vegetative state was observed. The authors concluded that early home monitoring 
may be safely proposed to select high-risk individuals with an early negative CT, normal clinical 



122 Review of studies evaluating diagnostic management strategies

TA
B

LE
 2

3 
M

an
ag

em
en

t s
tr

at
eg

ie
s 

fo
r 

M
H

I –
 s

tu
dy

 d
es

ig
n 

an
d 

pa
tie

nt
 c

ha
ra

ct
er

is
tic

s 
of

 o
th

er
 s

tu
di

es

Au
th

or
, y

ea
r

St
ud

y 
de

ta
ils

De
sc

rip
tio

n 
of

 
in

te
rv

en
tio

ns
Da

ta
 c

ol
le

ct
io

n 
pe

rio
d

Ty
pe

 o
f s

tu
dy

 p
ar

tic
ip

an
ts

M
et

ho
ds

Ou
tc

om
es

In
cl

us
io

n 
cr

ite
ria

Pa
tie

nt
s 

in
cl

ud
ed

 (n
)

M
ea

n 
ag

e 
(y

ea
rs

 ±
 S

D)
 

an
d 

ge
nd

er
 (n

)
Un

it 
of

 a
llo

ca
tio

n 
an

d 
an

al
ys

is
St

ud
y 

po
w

er

Pr
oc

es
s 

m
ea

su
re

s 
(in

cl
ud

in
g 

tim
e)

a  a
nd

/o
r 

pa
tie

nt
 o

ut
co

m
es

Co
ho

rt
 s

tu
di

es
 (p

ro
sp

ec
tiv

e 
or

 re
tr

os
pe

ct
iv

e)

Br
ow

n 
et

 a
l. 

19
94

15
2

De
si

gn
: 

pr
os

pe
ct

ive
 c

oh
or

t 
st

ud
y

Se
tti

ng
: E

D 
of

 tw
o 

te
ac

hi
ng

 h
os

pi
ta

ls
 

in
 S

co
tla

nd
, U

K

Co
nt

ro
l g

ro
up

 
(E

di
nb

ur
gh

): 
no

 a
cc

es
s 

to
 s

ho
rt-

st
ay

 w
ar

d

St
ud

y 
gr

ou
p 

(G
la

sg
ow

): 
ac

ce
ss

 to
 s

ho
rt-

st
ay

 
ob

se
rv

at
io

n 
w

ar
d

Co
nt

ro
l g

ro
up

: 1
6 

No
ve

m
be

r 1
99

2 
to

 1
3 

De
ce

m
be

r 
19

92

St
ud

y 
gr

ou
p:

 1
6 

No
ve

m
be

r 1
99

2 
to

 1
3 

De
ce

m
be

r 
19

92
 

Pa
tie

nt
s 

(a
ge

d 
>

 1
3 

ye
ar

s 
at

 ti
m

e 
of

 
pr

es
en

ta
tio

n)
 w

ith
 

M
HI

Al
l p

at
ie

nt
s:

 
48

3

Co
nt

ro
l g

ro
up

: 
20

6

St
ud

y 
gr

ou
p:

 
27

7

M
ea

n 
ag

e:

NR M
al

e/
fe

m
al

e:

Be
fo

re
 g

ro
up

: N
R

Af
te

r g
ro

up
: N

R

Al
lo

ca
tio

n:
 

gr
ou

p,
 a

llo
ca

te
d 

ac
co

rd
in

g 
to

 
ho

sp
ita

l a
tte

nd
ed

An
al

ys
is

: p
at

ie
nt

NR
Ad

m
is

si
on

 fo
r 

ob
se

rv
at

io
n

Fa
bb

ri 
et

 a
l. 

20
04

15
3

De
si

gn
: 

pr
os

pe
ct

ive
 c

oh
or

t 
st

ud
y

Se
tti

ng
: E

D 
of

 
di

st
ric

t h
os

pi
ta

l, 
Ra

ve
nn

a,
 It

al
y

Co
nt

ro
l g

ro
up

:  
24

–2
8 

ho
ur

s 
in

-
ho

sp
ita

l o
bs

er
va

tio
n 

fo
llo

w
ed

 b
y 

ho
m

e 
m

on
ito

rin
g

St
ud

y 
gr

ou
p:

 u
p 

to
 

12
 h

ou
rs

 in
-h

os
pi

ta
l 

ob
se

rv
at

io
n 

an
d 

ea
rly

 
ho

m
e 

m
on

ito
rin

g

Co
nt

ro
l g

ro
up

: 
19

99
 to

 2
00

1

St
ud

y 
gr

ou
p:

19
99

 to
 2

00
1

Pa
tie

nt
s 

(a
ge

d 
≥

 1
0 

ye
ar

s)
 w

ith
 M

HI
 

w
ith

in
 th

e 
pa

st
 2

4 
ho

ur
s 

an
d 

ea
rly

 
ne

ga
tiv

e 
CT

 s
ca

n

Al
l p

at
ie

nt
s:

 
14

80

Co
nt

ro
l g

ro
up

: 
64

6

St
ud

y 
gr

ou
p:

 
83

4

M
ea

n 
ag

e:
 N

R

M
al

e/
fe

m
al

e:

Co
nt

ro
l g

ro
up

: 3
87

 (6
0%

)/ 
25

9 
(4

0%
)

St
ud

y 
gr

ou
p:

 4
15

 
(5

0%
)/4

19
 (5

0%
)

Al
lo

ca
tio

n:
 

pa
tie

nt
, a

llo
ca

te
d 

ac
co

rd
in

g 
to

 c
lin

ic
ia

n 
ju

dg
em

en
t

An
al

ys
is

: p
at

ie
nt

NR
Po

st
-t

ra
um

at
ic

 IC
I 

at
 C

T, 
th

e 
ne

ed
 

fo
r n

eu
ro

su
rg

ic
al

 
in

te
rv

en
tio

n 
an

d 
an

 u
nf

av
ou

ra
bl

e 
ou

tc
om

e 
(d

ea
th

 o
r 

di
sa

bi
lit

y)

Be
fo

re
/a

fte
r s

tu
di

es
 w

ith
ou

t c
on

cu
rr

en
t c

on
tr

ol
 g

ro
up

Br
ow

ni
ng

 e
t 

al
. 2

00
515

4

De
si

gn
: 

un
co

nt
ro

lle
d 

be
fo

re
/a

fte
r s

tu
dy

Se
tti

ng
: E

D 
of

 
a 

pa
ed

ia
tri

c 
te

ac
hi

ng
 h

os
pi

ta
l, 

Ed
in

bu
rg

h,
 U

K

Be
fo

re
 g

ro
up

: 
gu

id
el

in
es

 a
dv

is
e 

sk
ul

l 
ra

di
og

ra
ph

y 
fo

r a
ll

Af
te

r g
ro

up
: 

gu
id

el
in

es
 a

dv
is

e 
sk

ul
l r

ad
io

gr
ap

hy
 o

nl
y 

if 
vis

ib
le

 e
vid

en
ce

 
of

 h
ea

d 
in

ju
ry

 o
r 

su
sp

ic
io

us
 h

is
to

ry
 fo

r 
no

n-
ac

ci
de

nt
al

 in
ju

ry

Be
fo

re
 g

ro
up

:  
1 

Au
gu

st
 1

99
8 

to
 

31
 J

ul
y 

19
99

Af
te

r g
ro

up
: 

1 
Au

gu
st

 2
00

2 
to

 
31

 J
ul

y 
20

03

Pa
tie

nt
s 

(a
ge

d 
<

 1
 y

ea
r a

t t
im

e 
of

 p
re

se
nt

at
io

n 
or

 
di

ag
no

si
s)

 w
ith

 h
ea

d 
in

ju
ry

Al
l p

at
ie

nt
s:

 
37

1

Be
fo

re
 g

ro
up

: 
18

1

Af
te

r g
ro

up
: 

19
0

M
ea

n 
ag

e:
 N

R

M
al

e/
fe

m
al

e:

Be
fo

re
 g

ro
up

: 9
4 

(5
2%

)/8
7 

(4
8%

)

Af
te

r g
ro

up
: 9

8 
(5

2%
)/9

2 
(4

8%
)

Al
lo

ca
tio

n:
 

gr
ou

p,
 a

llo
ca

te
d 

ac
co

rd
in

g 
to

 d
at

e

An
al

ys
is

: p
at

ie
nt

NR
Ad

m
is

si
on

s,
 s

ku
ll 

ra
di

og
ra

ph
s,

 to
ta

l 
ra

di
at

io
n 

do
se

NR



© Queen’s Printer and Controller of HMSO 2011. This work was produced by Pandor et al. under the terms of a commissioning contract issued by the 
Secretary of State for Health.

123 Health Technology Assessment 2011; Vol. 15: No. 27DOI: 10.3310/hta15270

Au
th

or
, y

ea
r

St
ud

y 
de

ta
ils

De
sc

rip
tio

n 
of

 
in

te
rv

en
tio

ns
Da

ta
 c

ol
le

ct
io

n 
pe

rio
d

Ty
pe

 o
f s

tu
dy

 p
ar

tic
ip

an
ts

M
et

ho
ds

Ou
tc

om
es

In
cl

us
io

n 
cr

ite
ria

Pa
tie

nt
s 

in
cl

ud
ed

 (n
)

M
ea

n 
ag

e 
(y

ea
rs

 ±
 S

D)
 

an
d 

ge
nd

er
 (n

)
Un

it 
of

 a
llo

ca
tio

n 
an

d 
an

al
ys

is
St

ud
y 

po
w

er

Pr
oc

es
s 

m
ea

su
re

s 
(in

cl
ud

in
g 

tim
e)

a  a
nd

/o
r 

pa
tie

nt
 o

ut
co

m
es

Fo
ng

 e
t a

l. 
20

08
15

5

De
si

gn
: 

un
co

nt
ro

lle
d 

be
fo

re
/a

fte
r s

tu
dy

Se
tti

ng
: E

D 
of

 
te

rti
ar

y 
re

fe
rra

l 
ho

sp
ita

l, 
M

el
bo

ur
ne

, 
Au

st
ra

lia

Be
fo

re
 g

ro
up

: p
re

-
gu

id
el

in
e

Af
te

r g
ro

up
: 

po
st

 g
ui

de
lin

e 
(S

ou
th

er
nh

ea
lth

 H
ea

d 
In

ju
ry

 G
ui

de
lin

e,
 b

as
ed

 
on

 C
CH

R)

Be
fo

re
 g

ro
up

: 
Se

pt
em

be
r 2

00
2 

to
 J

an
ua

ry
 2

00
3

Af
te

r g
ro

up
: 

Fe
br

ua
ry

 2
00

3 
to

 
Au

gu
st

 2
00

3

Pa
tie

nt
s 

ag
ed

 
ov

er
 1

6 
ye

ar
s 

w
ho

 
pr

es
en

te
d 

to
 th

e 
ED

 
fo

llo
w

in
g 

a 
no

n-
tri

via
l 

bl
un

t o
r p

en
et

ra
tin

g 
tra

um
a 

to
 th

e 
he

ad

N 
=

 6
37

Be
fo

re
 g

ro
up

: 
n =

 3
11

Af
te

r g
ro

up
: 

n =
 3

26

M
ea

n 
ag

e:

Be
fo

re
 g

ro
up

: 4
6.

3 
(±

 2
4.

5)

Af
te

r g
ro

up
: 5

1 
(±

 2
6.

1)

M
al

e/
fe

m
al

e:

Be
fo

re
 g

ro
up

: 9
75

 
(6

4%
)/5

60
 (3

6%
)

Af
te

r g
ro

up
: 1

24
8 

(6
7%

)/6
19

 (3
3%

)

Al
lo

ca
tio

n:
 

gr
ou

p,
 a

llo
ca

te
d 

ac
co

rd
in

g 
to

 d
at

e

An
al

ys
is

: p
at

ie
nt

As
su

m
in

g 
20

%
 

re
du

ct
io

n 
fro

m
 

a 
50

%
 b

as
el

in
e 

he
ad

 C
T 

or
de

rin
g 

ra
te

, a
 

sa
m

pl
e 

si
ze

 o
f 

30
0 

w
ill 

pr
ov

id
e 

94
.6

%
 p

ow
er

 
(α

 =
 0

.0
5)

Ad
m

is
si

on
s,

 C
T 

ra
te

s,
 n

eu
ro

-
ob

se
rv

at
io

ns
 a

n 
as

ym
pt

om
at

ic
 

tre
at

m
en

t, 
ne

ur
os

ur
ge

ry
 a

nd
 

de
at

h

Ha
ss

an
 e

t a
l. 

20
05

22

De
si

gn
: 

un
co

nt
ro

lle
d 

be
fo

re
/a

fte
r s

tu
dy

Se
tti

ng
: E

D 
of

 a
 

te
ac

hi
ng

 (N
or

th
 

Ty
ne

si
de

) a
nd

 
di

st
ric

t h
os

pi
ta

l 
(S

al
fo

rd
) i

n 
En

gl
an

d,
 U

K

Be
fo

re
 g

ro
up

: p
re

-
NI

CE
 2

00
3 

gu
id

el
in

es

Af
te

r g
ro

up
: p

os
t N

IC
E 

20
03

 g
ui

de
lin

es

Be
fo

re
 g

ro
up

 1
 

(N
or

th
 T

yn
es

id
e)

: 
1 

No
ve

m
be

r 2
00

2 
to

 3
0 

No
ve

m
be

r 
20

02

Af
te

r g
ro

up
 1

: 
1 

M
ay

 2
00

3 
to

 3
1 

M
ay

 2
00

3

Be
fo

re
 g

ro
up

 2
 

(S
al

fo
rd

): 
1 

M
ay

 
20

03
 to

 3
1 

M
ay

 
20

03

Af
te

r g
ro

up
 2

: 
1 

Ja
nu

ar
y 

20
04

 to
 

31
 J

an
ua

ry
 2

00
4

An
y 

pa
tie

nt
 w

ith
 

he
ad

 in
ju

ry
 (d

efi
ne

d 
as

 a
ny

 in
ju

ry
 a

ro
un

d 
th

e 
he

ad
 a

nd
 

up
pe

r p
ar

t o
f f

ac
e)

 
pr

es
en

tin
g 

to
 th

e 
ED

N 
=

 1
13

0:

Be
fo

re
 

gr
ou

p 
1:

 
n =

 2
76

Af
te

r g
ro

up
 1

: 
n =

 3
51

Be
fo

re
 

gr
ou

p 
2:

 
n =

 2
21

Af
te

r g
ro

up
 1

: 
n =

 2
82

M
ea

n 
ag

e:
 N

R

M
al

e/
fe

m
al

e:

Be
fo

re
 g

ro
up

 1
: 1

81
 

(6
6%

)/9
5 

(3
4%

)

Af
te

r g
ro

up
 1

: 2
23

 
(6

4%
)/1

28
 (3

6%
)

Be
fo

re
 g

ro
up

 2
: 1

50
 

(6
8%

)/7
1(

32
%

)

Af
te

r g
ro

up
 2

: 
18

1(
64

%
)/1

01
 (3

6%
)

Al
lo

ca
tio

n:
 

gr
ou

p,
 a

llo
ca

te
d 

ac
co

rd
in

g 
to

 d
at

e

An
al

ys
is

: p
at

ie
nt

NR
Ra

te
s 

of
 a

dm
is

si
on

, 
CT

 a
nd

 s
ku

ll 
ra

di
og

ra
ph

y,
 c

os
ts

Ke
rr 

et
 a

l. 
20

05
15

6

De
si

gn
: 

un
co

nt
ro

lle
d 

be
fo

re
/a

fte
r s

tu
dy

Se
tti

ng
: E

D 
of

 
te

ac
hi

ng
 h

os
pi

ta
l 

in
 E

di
nb

ur
gh

, U
K

Be
fo

re
 g

ro
up

: p
re

-
SI

GN
 2

00
0 

gu
id

el
in

es

Af
te

r g
ro

up
: p

os
t S

IG
N 

20
00

 g
ui

de
lin

es

Be
fo

re
 g

ro
up

: 
1 

No
ve

m
be

r 1
99

9 
to

 3
0 

No
ve

m
be

r 
19

99

Af
te

r g
ro

up
: 1

 M
ay

 
20

01
 to

 3
1 

M
ay

 
20

01

Al
l p

at
ie

nt
s 

w
ith

 b
lu

nt
 

fo
rc

e 
tra

um
a 

ab
ov

e 
th

e 
ne

ck
 (i

nc
lu

di
ng

 
pa

tie
nt

s 
w

ith
 fa

ci
al

 
la

ce
ra

tio
ns

)

N 
=

 1
60

7

Be
fo

re
 g

ro
up

:

n =
 7

88

Af
te

r g
ro

up
:

n =
 8

19

M
ea

n 
ag

e:
 N

R

M
al

e/
fe

m
al

e:

Be
fo

re
 g

ro
up

: 5
75

 
(7

3%
)/2

13
 (2

7%
)

Af
te

r g
ro

up
: 5

66
 

(6
9%

)/2
53

 (3
1%

)

Al
lo

ca
tio

n:
 

gr
ou

p,
 a

llo
ca

te
d 

ac
co

rd
in

g 
to

 d
at

e

An
al

ys
is

: p
at

ie
nt

NR
Ad

m
is

si
on

s 
fo

r 
ob

se
rv

at
io

ns
, 

di
sc

ha
rg

e

co
nt

in
ue

d



124 Review of studies evaluating diagnostic management strategies

Au
th

or
, y

ea
r

St
ud

y 
de

ta
ils

De
sc

rip
tio

n 
of

 
in

te
rv

en
tio

ns
Da

ta
 c

ol
le

ct
io

n 
pe

rio
d

Ty
pe

 o
f s

tu
dy

 p
ar

tic
ip

an
ts

M
et

ho
ds

Ou
tc

om
es

In
cl

us
io

n 
cr

ite
ria

Pa
tie

nt
s 

in
cl

ud
ed

 (n
)

M
ea

n 
ag

e 
(y

ea
rs

 ±
 S

D)
 

an
d 

ge
nd

er
 (n

)
Un

it 
of

 a
llo

ca
tio

n 
an

d 
an

al
ys

is
St

ud
y 

po
w

er

Pr
oc

es
s 

m
ea

su
re

s 
(in

cl
ud

in
g 

tim
e)

a  a
nd

/o
r 

pa
tie

nt
 o

ut
co

m
es

Lo
ro

ni
 e

t a
l. 

19
96

15
7

De
si

gn
: 

un
co

nt
ro

lle
d 

be
fo

re
/a

fte
r s

tu
dy

Se
tti

ng
: E

D 
of

 
di

st
ric

t h
os

pi
ta

l, 
Ra

ve
nn

a,
 It

al
y

Be
fo

re
 g

ro
up

: n
o 

cl
in

ic
al

 d
ia

gn
os

tic
 

pr
ot

oc
ol

Af
te

r g
ro

up
: c

lin
ic

al
 

di
ag

no
st

ic
 p

ro
to

co
l 

w
ith

 in
di

ca
tio

ns
 fo

r 
ho

sp
ita

l a
dm

is
si

on
 a

nd
 

di
ag

no
st

ic
 p

ro
ce

du
re

s

Be
fo

re
 g

ro
up

: 
1 

Ap
ril

 1
98

4 
to

 3
1 

M
ar

ch
 1

98
5 

Af
te

r g
ro

up
: 

1 
Ju

ne
 1

98
8 

to
 3

1 
De

ce
m

be
r 1

99
0

Pa
tie

nt
s 

(a
ge

d 
≤

 1
4 

ye
ar

s 
at

 ti
m

e 
of

 p
re

se
nt

at
io

n 
or

 
di

ag
no

si
s)

 w
ith

 h
ea

d 
in

ju
ry

N 
=

 9
42

:

Be
fo

re
 g

ro
up

: 
n =

 2
33

Af
te

r g
ro

up
: 

n =
 7

09

M
ea

n 
ag

e:

Be
fo

re
 g

ro
up

: 5
.4

 (±
 N

R)

Af
te

r g
ro

up
: 4

.3
 (±

 N
R)

M
al

e/
fe

m
al

e:

Co
nt

ro
l g

ro
up

:

14
0 

(6
7%

)/ 
93

 (3
3%

)

St
ud

y 
gr

ou
p:

45
6(

64
%

)/2
53

(3
6%

)

Al
lo

ca
tio

n:
 

gr
ou

p,
 a

llo
ca

te
d 

ac
co

rd
in

g 
to

 d
at

e

An
al

ys
is

: p
at

ie
nt

NR
Ad

m
is

si
on

s 
fo

r 
ob

se
rv

at
io

ns
, 

CT
 ra

te
s,

 s
ku

ll 
ra

di
og

ra
ph

y,
 

ne
ur

os
ur

gi
ca

l 
ad

m
is

si
on

Re
ed

 e
t a

l. 
20

05
13

6

De
si

gn
: 

un
co

nt
ro

lle
d 

be
fo

re
/a

fte
r s

tu
dy

Se
tti

ng
: E

D 
of

 
a 

pa
ed

ia
tri

c 
te

ac
hi

ng
 h

os
pi

ta
l, 

Ed
in

bu
rg

h,
 U

K

Be
fo

re
 g

ro
up

: 
gu

id
el

in
es

 a
dv

is
e 

sk
ul

l 
ra

di
og

ra
ph

y 
fo

r a
ll

Af
te

r g
ro

up
: g

ui
de

lin
es

 
ad

vis
e 

no
 s

ku
ll 

ra
di

og
ra

ph
y

Be
fo

re
 g

ro
up

: 
1 

Au
gu

st
 1

99
8 

to
 

31
 J

ul
y 

19
99

Af
te

r g
ro

up
: 

1 
Au

gu
st

 2
00

2 
to

 
31

 J
ul

y 
20

03

Pa
tie

nt
s 

(a
ge

d 
be

tw
ee

n 
1 

an
d 

14
 y

ea
rs

 a
t t

im
e 

of
 p

re
se

nt
at

io
n 

or
 

di
ag

no
si

s)
 w

ith
 h

ea
d 

in
ju

ry

N 
=

 3
40

2:

Be
fo

re
 g

ro
up

: 
n =

 1
53

5

Af
te

r g
ro

up
: 

n =
 1

86
7

M
ea

n 
ag

e:
 N

R

M
al

e/
fe

m
al

e:

Be
fo

re
 g

ro
up

: 9
75

 
(6

4%
)/5

60
 (3

6%
)

Af
te

r g
ro

up
: 1

24
8 

(6
7%

)/6
19

 (3
3%

)

Al
lo

ca
tio

n:
 

gr
ou

p,
 a

llo
ca

te
d 

ac
co

rd
in

g 
to

 d
at

e

An
al

ys
is

: p
at

ie
nt

NR
Ad

m
is

si
on

s,
 s

ku
ll 

ra
di

og
ra

ph
s,

 C
T 

ra
te

s,
 to

ta
l r

ad
ia

tio
n 

do
se

NR

Sh
ra

va
t e

t a
l. 

20
06

15
8

De
si

gn
: 

un
co

nt
ro

lle
d 

be
fo

re
/a

fte
r s

tu
dy

Se
tti

ng
: E

D 
of

 
di

st
ric

t h
os

pi
ta

l, 
Lo

nd
on

, U
K

Be
fo

re
 g

ro
up

: p
re

-
NI

CE
 2

00
3 

gu
id

el
in

es

Af
te

r g
ro

up
: p

os
t N

IC
E 

20
03

 g
ui

de
lin

es

Be
fo

re
 g

ro
up

: N
R/

NR
/2

00
3

Af
te

r g
ro

up
: 

01
 J

un
e 

20
04

 to
 

31
 A

ug
us

t 2
00

4

Al
l p

at
ie

nt
s 

w
ith

 h
ea

d 
in

ju
ry

 p
re

se
nt

in
g 

to
 

th
e 

ED

N 
=

 9
92

:

Be
fo

re
 g

ro
up

: 
n =

 5
20

Af
te

r g
ro

up
: 

n =
 4

72

M
ea

n 
ag

e:
 N

R

M
al

e/
fe

m
al

e:

Be
fo

re
 g

ro
up

: N
R

Af
te

r g
ro

up
: 2

71
 

(5
7.

4%
)/2

01
 (4

2.
6%

)

Al
lo

ca
tio

n:
 

gr
ou

p,
 a

llo
ca

te
d 

ac
co

rd
in

g 
to

 d
at

e

An
al

ys
is

: p
at

ie
nt

NR
Ad

m
is

si
on

s 
fo

r 
ob

se
rv

at
io

ns
, 

CT
 ra

te
s,

 s
ku

ll 
ra

di
og

ra
ph

y,
 c

os
t

TA
B

LE
 2

3 
M

an
ag

em
en

t s
tr

at
eg

ie
s 

fo
r 

M
H

I –
 s

tu
dy

 d
es

ig
n 

an
d 

pa
tie

nt
 c

ha
ra

ct
er

is
tic

s 
of

 o
th

er
 s

tu
di

es
 (c

on
tin

ue
d)



© Queen’s Printer and Controller of HMSO 2011. This work was produced by Pandor et al. under the terms of a commissioning contract issued by the 
Secretary of State for Health.

125 Health Technology Assessment 2011; Vol. 15: No. 27DOI: 10.3310/hta15270

Au
th

or
, y

ea
r

St
ud

y 
de

ta
ils

De
sc

rip
tio

n 
of

 
in

te
rv

en
tio

ns
Da

ta
 c

ol
le

ct
io

n 
pe

rio
d

Ty
pe

 o
f s

tu
dy

 p
ar

tic
ip

an
ts

M
et

ho
ds

Ou
tc

om
es

In
cl

us
io

n 
cr

ite
ria

Pa
tie

nt
s 

in
cl

ud
ed

 (n
)

M
ea

n 
ag

e 
(y

ea
rs

 ±
 S

D)
 

an
d 

ge
nd

er
 (n

)
Un

it 
of

 a
llo

ca
tio

n 
an

d 
an

al
ys

is
St

ud
y 

po
w

er

Pr
oc

es
s 

m
ea

su
re

s 
(in

cl
ud

in
g 

tim
e)

a  a
nd

/o
r 

pa
tie

nt
 o

ut
co

m
es

Su
lta

n 
et

 a
l. 

20
04

21

De
si

gn
: 

un
co

nt
ro

lle
d 

be
fo

re
/a

fte
r s

tu
dy

Se
tti

ng
: E

D 
of

 
te

ac
hi

ng
 h

os
pi

ta
l, 

Ca
m

br
id

ge
, U

K

Be
fo

re
 g

ro
up

: R
CS

 
‘G

al
as

ko
’ g

ui
de

lin
e 

(1
99

9)

Af
te

r g
ro

up
: 

Ca
m

br
id

ge
 p

ro
to

co
l 

(b
as

ed
 o

n 
CC

HR
)

Be
fo

re
 g

ro
up

: 
1 

Ap
ril

 2
00

1 
to

 3
1 

Oc
to

be
r 

20
01

 

Af
te

r g
ro

up
: 

1 
Ja

nu
ar

y 
20

02
 

to
 3

0 
Se

pt
em

be
r 

20
02

Ad
ul

t p
at

ie
nt

s 
(a

ge
d 

>
 1

5 
ye

ar
s)

 w
ith

 
M

HI
s 

pr
es

en
tin

g 
to

 
th

e 
ED

N 
=

 5
97

Be
fo

re
 g

ro
up

: 
n =

 3
30

Af
te

r g
ro

up
: 

n =
 2

67

M
ea

n 
ag

e:
 N

R

M
al

e/
fe

m
al

e:

Be
fo

re
 g

ro
up

: N
R

Af
te

r g
ro

up
: N

R

Al
lo

ca
tio

n:
 

gr
ou

p,
 a

llo
ca

te
d 

ac
co

rd
in

g 
to

 d
at

e

An
al

ys
is

: p
at

ie
nt

NR
Ad

m
is

si
on

s 
fo

r 
ob

se
rv

at
io

ns
, C

T 
ra

te
s,

 d
is

ch
ar

ge
, 

sk
ul

l r
ad

io
gr

ap
hy

Th
om

so
n 

et
 

al
. 1

99
415

9

De
si

gn
: 

un
co

nt
ro

lle
d 

be
fo

re
/a

fte
r s

tu
dy

Se
tti

ng
: E

D 
of

 
tw

o 
ho

sp
ita

ls
 in

 
No

rth
er

n 
re

gi
on

 o
f 

En
gl

an
d,

 U
K

Be
fo

re
 g

ro
up

: 
pr

e-
Gr

ou
p 

of
 

Ne
ur

os
ur

ge
on

 
gu

id
el

in
es

, 1
98

4

Af
te

r g
ro

up
: 

po
st

 G
ro

up
 o

f 
Ne

ur
os

ur
ge

on
 

gu
id

el
in

es
, 1

98
4

Be
fo

re
 g

ro
up

: 
1 

Fe
br

ua
ry

 1
98

7 
to

 3
1 

M
ay

 1
98

7

Af
te

r g
ro

up
: 

1 
Fe

br
ua

ry
 1

99
0 

to
 3

1 
M

ay
 1

99
0

Ad
ul

t p
at

ie
nt

s 
(a

ge
d 

>
 1

6 
ye

ar
s)

 
w

ith
 h

ea
d 

in
ju

rie
s 

or
 a

lte
re

d 
co

ns
ci

ou
sn

es
s 

af
te

r 
a 

re
le

va
nt

in
ju

ry
 o

r w
ith

 a
 

sc
al

p 
or

 fo
re

he
ad

 
la

ce
ra

tio
n 

pr
es

en
tin

g 
to

 th
e 

ED

N 
=

 1
88

0

Be
fo

re
 

gr
ou

p 
1:

 
n =

 5
33

Af
te

r g
ro

up
 1

: 
n =

 6
13

Be
fo

re
 

gr
ou

p 
2:

 
n =

 3
70

Af
te

r g
ro

up
 2

: 
n =

 3
64

M
ea

n 
ag

e:

Be
fo

re
 g

ro
up

 1
: 3

7.
1 

(±
 N

R)

Af
te

r g
ro

up
 1

: 3
8.

4 
(±

 N
R)

Be
fo

re
 g

ro
up

 2
: 3

9.
7 

(±
 N

R)

Af
te

r g
ro

up
 2

: 3
8.

4 
(±

 N
R)

M
al

e/
fe

m
al

e:

Be
fo

re
 g

ro
up

 1
: 3

16
 

(5
9%

)/2
17

 (4
1%

)

Af
te

r g
ro

up
 1

: 4
02

 
(6

6%
)/2

11
 (3

4%
)

Be
fo

re
 g

ro
up

 2
: 2

25
 

(6
1%

)/1
45

 (3
9%

)

Af
te

r g
ro

up
 2

: 2
75

 
(7

6%
)/8

9 
(2

4%
)

Al
lo

ca
tio

n:
 

gr
ou

p,
 a

llo
ca

te
d 

ac
co

rd
in

g 
to

 d
at

e

An
al

ys
is

: p
at

ie
nt

NR
Ad

m
is

si
on

s 
fo

r 
ob

se
rv

at
io

ns
, s

ku
ll 

ra
di

og
ra

ph
y

NR
, n

ot
 re

po
rte

d;
 R

CS
, R

oy
al

 C
ol

le
ge

 o
f S

ur
ge

on
s;

 S
D,

 s
ta

nd
ar

d 
de

via
tio

n.
a 

Le
ng

th
 o

f t
im

e 
du

rin
g 

w
hi

ch
 o

ut
co

m
es

 w
er

e 
m

ea
su

re
d 

af
te

r i
ni

tia
tio

n 
of

 th
e 

in
te

rv
en

tio
n.



126 Review of studies evaluating diagnostic management strategies

examination and feasible home monitoring. The study was limited by allocation to intervention 
group being based on clinical judgement of severity and lack of power to detect rare, but 
serious events.

Brown et al.152 determined whether access to a short-stay ward significantly affected the 
threshold for admission of patients with MHIs and the implementation of head injury admission 
guidelines. The results showed that 49/83 (59%) patients who met accepted guidelines for 
hospital admission were admitted to a hospital with an observation ward, compared with 10/49 
(34%) admitted to a hospital with no observation ward (p < 0.001). The authors concluded that 
access to a short-stay ward has a considerable bearing on whether or not a minor head-injured 
patient is admitted to hospital. The study involved only two hospitals, so it is uncertain whether 
the findings can be generalised to other hospitals.

Before/after studies without concurrent control group
These studies have evaluated the effect of implementing guidelines and changes in policy upon 
hospital admission policy, use of skull radiography and/or use of CT scanning. The absence 
of a control group to record concurrent changes over time means that we cannot be sure that 
the changes observed in these studies were due to the intervention rather than to temporal 
trends, concurrent changes or a Hawthorne effect. They, therefore, represent very weak evidence 
of effectiveness.

Sultan et al.21 evaluated the effects of a protocol based on the CCHR (the Cambridge protocol) 
for managing MHIs compared with guidelines published by the Society of British Neurological 
Surgeons, 1998, and Royal College of Surgeons for England, 1999. The results showed that 
CT rates increased significantly from 14% to 20% (p < 0.05), and admissions for observation 
increased from 34% to 45% (p < 0.05). Skull radiography rates decreased considerably from 
33% of all patients with head injuries in 2001 to 1.6% in 2002 (p-value not reported), without 
any adverse effect. The authors21 concluded that it was possible to replace the practice of risk 
stratification of adults with MHI based on skull radiography with a slightly modified version of 
the CCHR. Fong et al.155 reported a similar effect in their evaluation of a guideline based on the 
CCHR and the NOC for MHI (the Southernhealth Head Injury Guideline). The results showed 
that after implementation of the new guidelines, the CT ordering rate increased from 31.6% 
to 59% (p-value not reported), and admissions for observation increased from 21.9% to 27% 
(p = 0.08). Abnormal head CT was reported in 6.8% in the pre-guideline group compared with 
5% in the post guideline group. The authors155 concluded that, although CT head scanning rates 
were increased, the Southernhealth Head Injury Guidelines were safe and easy to apply to major 
and MHIs.

Hassan et al.22 and Shravat et al.158 evaluated the effect of implementation of the NICE head 
injury guidance, which was also based upon the CCHR. Hassan et al.22 studied two hospitals and 
reported that after implementation of the NICE guidance at the teaching hospital the CT scan 
rate increased from 3% to 7%, the skull radiography declined from 37% to 4% and the admission 
rate decreased from 9% to 4%, whereas at the non-teaching hospital the CT scan rate increased 
from 1.4% to 9%, the skull radiography rate decreased from 19% to < 1% and the admission rate 
declined from 7% to 5%. Shavrat et al.158 studied one hospital and reported that the CT scan rate 
increased significantly, the skull radiography rate fell and the admission rate was unchanged.

Kerr et al.156 evaluated the effect of implementing the SIGN guidelines at a Scottish hospital. 
After guideline implementation the proportion of patients admitted to hospital increased from 
20% to 26%, but there were no significant changes in the proportion of patients undergoing skull 
radiography or CT.
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Two papers from the same UK paediatric teaching hospital evaluated the effect of a policy change 
to restrict the use of skull radiography in infants154 and children136 with a head injury presenting 
to the ED between 1998–9 and 2002–3. Abandoning the use of skull radiography in children 
aged between 1 and 14 years did not lead to a significant increase in admission rates (10.1% vs 
10.9%; p = 0.43), missed ICI (0.20% vs 0.37%; p = 0.53) or neurosurgical intervention (0% vs 
0.1%; p = 0.30), but doubled the proportion of children who received a CT scan from 1.0% to 
2.1% (p = 0.02).136 Limitation of skull radiography in infants led to a substantial decrease in skull 
radiography rates (77.3% to 29.5%; p-value not reported) with no detriment to the infant in terms 
of missed injury or admissions (13.8% vs 10%; p-value not reported).154

Loroni et al.157 compared the management of children (≤ 14 years) with head injury (all severities) 
in an Italian general hospital in two different periods (1984–5 and 1988–90), one before and 
one after the introduction of a protocol for the management of children with head injury (with 
indications for hospital admission and diagnostic procedures). The results showed that, among 
the clinical cases with milder symptoms of head injury, hospital admissions for observation 
decreased significantly from 40.3% to 27.8% (p < 0.05) and skull radiography from 86.7% to 
36.1% (p < 0.05), without an increase in the number of diagnostic errors. Data on CT rates and 
neurosurgical admission were limited. The authors157 concluded that it was possible to reduce 
the number of radiographical examinations and admissions without increasing the number 
of diagnostic errors with a management protocol with indications for hospital admission and 
diagnostic procedures for children with head injury.

Thomson et al.159 compared the management of adults with head injury before and after the 
introduction in two hospitals of guidelines drawn up in 1984 by a group of neurosurgeons. After 
implementation of the guidelines the proportion receiving skull radiography increased from 49% 
to 60% in one hospital, but decreased from 34% to 25% in the other. The proportion admitted 
remained constant in one department (34% vs 36%), but decreased from 33% to 15% in the other.

Overall, these studies show that implementation of guidelines may change the management 
of patients with MHI, although the effects are varied and not always as anticipated. The 
findings may be specific to the hospitals concerned or may be owing to the potential biases 
outlined above.
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Chapter 5  

Assessment of cost-effectiveness evidence

This section of the assessment focuses on the health economics of diagnostic strategies for 
the management of MHI. It includes a brief review of existing economic evaluations and a 

detailed explanation of the methodologies and results of a de novo economic model. The section 
Systematic review of existing cost-effectiveness evidence, presents the results of the systematic 
review of economic literature. The modelling approach adopted for this study is described (see 
Independent economic assessment), along with the results of the analysis (see Results).

Systematic review of existing cost-effectiveness evidence

The primary objective of this review was to identify and evaluate studies exploring the cost-
effectiveness of different diagnostic strategies for the management of MHI. The secondary 
objective was to evaluate methodologies used to inform our own economic evaluation.

Identification of studies
Electronic databases
Studies were identified by searching the following electronic databases:

 ■ MEDLINE (via OvidSP) 1950 to March 2010
 ■ MEDLINE In-Process & Other Non-Indexed Citations (via OvidSP) 1950 to March 2010
 ■ CINAHL (via EBSCO) 1981 to April 2009
 ■ EMBASE (via OvidSP) 1980 to April 2009
 ■ WOS (includes SCI and CPCI) (via WOK) 1899 to April 2009
 ■ NHS DARE (via CRD databases) Approximately 1994 to April 2009
 ■ NHS Economic Evaluation Database (NHS EED) (via CRD databases) approximately 1994 

to April 2009
 ■ HTA database (via CRD databases) approximately 1994 to April 2009
 ■ Health Economic Evaluation Database (via Wiley InterScience) 1967 to April 2009.

Sensitive keyword strategies using free text and, where available, thesaurus terms using Boolean 
operators and database-specific syntax were developed to search the electronic databases. 
Synonyms relating to the condition (e.g. head injury) were combined with a search filter aimed 
at restricting results to economic and cost-related studies (used in the searches of MEDLINE, 
CINAHL and EMBASE). Date limits or language restrictions were not used on any database. All 
resources were searched from inception to April 2009. Updated searches to March 2010 were 
conducted on the MEDLINE databases only. An example of the MEDLINE search strategy is 
provided in Appendix 9.

Other resources
To identify additional published, unpublished and ongoing studies, the reference lists of all 
relevant studies were checked and a citation search of relevant articles (using the WOK’s SCI and 
SSCI) was undertaken to identify articles that cite the relevant articles. In addition, systematic 
keyword searches of the WWW were undertaken using the Copernic Agent Basic (version 
6.12) meta-search engine.
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All identified citations from the electronic searches and other resources were imported into and 
managed using the Reference Manager bibliographic software (version 12.0).

Inclusion and exclusion criteria
Studies were selected for inclusion according to pre-determined inclusion and exclusion criteria. 
Studies were included if they reported the cost-effectiveness of diagnostic management strategies 
for MHI, included CT scanning in a patient management strategy and estimated the benefits 
in terms of life-years gained or QALYs. Studies that were considered to be methodologically 
unsound (including abstracts), that were not reported in sufficient detail to extract costs and 
outcome estimates or that did not report an estimate of cost-effectiveness (e.g. costing studies) 
were excluded. Papers not published in the English language were also excluded.

One reviewer (MH) independently screened all titles and abstracts. Any discrepancies were 
resolved by discussion, with involvement of a second reviewer (SG) when necessary. Full papers 
were obtained for any titles/abstracts that were considered relevant or where the title/abstract 
information was not sufficient to make a decision.

Quality assessment strategy
The quality of studies was assessed using a combination of key components of the Drummond 
and Jefferson checklist for economic evaluations,160 together with the Eddy checklist on 
mathematical models used in technology assessments.161 The use of the checklist ensures a 
consistent approach to assessing the quality of each economic evaluation.

Results of cost-effectiveness review
The systematic searches identified 1263 potentially relevant citations. Of the titles and 
abstracts screened, six relevant full-text papers were retrieved and assessed in detail. A flow 
chart describing the process of identifying relevant literature can be found in Appendix 10. A 
total of three studies162–164 were identified as meeting the inclusion criteria. Although, no UK 
cost-effectiveness studies were found, one study162 did repeat the analysis using UK modelling 
recommendations. Studies excluded from the review are listed in Appendix 11.

Cost-effectiveness review
Stein et al.163

Overview
Stein et al.163 developed a decision-analytic model to compare the cost-effectiveness of six 
strategies for the management of mild traumatic head injury: selective CT scanning based largely 
on the CCHR; CT for all patients; skull radiography for all patients; prolonged ED observation; 
24-hour hospital admission; and no treatment.

A decision tree approach was used to compare the strategies. Patients having no intracranial 
lesion were either correctly diagnosed and discharged or incorrectly diagnosed and received 
unnecessary treatment. Patients with an intracranial lesion were either correctly diagnosed and 
received prompt treatment or incorrectly diagnosed and received delayed treatment that was 
associated with worse outcomes. Outcomes were described by the GOS. The base case represented 
a 20-year-old patient with a GCS of 14 or 15. Epidemiological data were derived from a 
MEDLINE search. The setting of the model was the US health service with a societal perspective. 
The economic outcome was incremental cost per QALY discounted at 3% annually. Health-related 
utility values were taken from a study that used standard gamble techniques to elicit utility 
values for GOS outcomes 2–4 from 52 health professionals and 83 medical students.165 Utility 
scores of 0 and 1 were assigned to GOS 1 and GOS 5, respectively. Univariate sensitivity analysis 



© Queen’s Printer and Controller of HMSO 2011. This work was produced by Pandor et al. under the terms of a commissioning contract issued by the 
Secretary of State for Health.

131 Health Technology Assessment 2011; Vol. 15: No. 27DOI: 10.3310/hta15270

and probabilistic sensitivity analysis (PSA) were undertaken and the analysis was repeated for 
patients aged 40, 60 and 80 years. In the deterministic analysis the selective CT scanning strategy 
dominated all other strategies, and in the PSA, for willingness-to-pay thresholds of between 
$50,000 and $150,000 per QALY, there was a 68–90% probability that selective CT scanning 
would be cost-effective. The PSA incremental cost per QALY is not reported. In the univariate 
analysis, the results were most sensitive to the outcome of prompt surgery; however, no parameter 
changes altered the conclusion. In the higher age group analysis, selective CT scanning remained 
dominant, although the magnitude of the incremental costs and QALYs reduced with older age.

Comments
This appears to be a well-constructed model, parameterised by relevant data at the time. The 
authors acknowledged that a limitation of their model was that the risk of cancer due to CT 
scanning was not modelled. However, they appeared to have conducted a sensitivity analysis in 
which they adjusted for the published risk of cancer for a 20-year-old patient and this did not 
alter the conclusion.

Stein et al.164

Overview
Stein and colleagues164 examined the cost-effectiveness of routinely re-scanning patients, 
compared with repeating the scan only after clinical deterioration, in a patient group with MHI in 
whom the admission CT scan revealed a non-neurosurgical lesion. A decision tree approach was 
used to compare the two strategies. Patients in the ‘routine repeat CT’ pathway either developed a 
haematoma or did not; those developing a haematoma were assumed to receive prompt surgery. 
In the ‘CT only if deteriorates’ pathway, patients deteriorated and received prompt surgery, 
deteriorated and received delayed surgery or did not deteriorate. In both pathways, patients 
who do not deteriorate have an uneventful recovery. The base case was a 20-year-old with mild 
TBI with a GCS of 14 or 15. Patient outcomes were measured by the GOS, with prompt surgery 
having a better outcome than delayed surgery. Epidemiology data were derived from a MEDLINE 
search. The setting of the model was the US health service with a societal perspective. The 
economic outcome was the cost/QALY discounted at 3% annually. Health-related utility values 
were taken from the same study used by the earlier Stein et al. study163 described above. Utility 
scores of 0 and 1 were assigned to GOS 1 and GOS 5, respectively. Both univariate and PSA were 
carried out. The incremental cost-effectiveness ratio (ICER) of routine CT scanning compared 
with CT scanning after deterioration was $12,670 (95% CI –$76,038 to $80,693). The study 
found that the ICER increased exponentially as patients’ age increased and the mean ICER at age 
80 years was around $80,000. The authors concluded that there is a case for routine follow-up CT 
scanning; however, the uncertainty around the results was substantial.

Comments
This evaluation satisfied the majority of items used to assess the overall quality and appeared 
to be well conducted using the evidence available at the time. However, as the authors remark, 
the mean cost per QALY had considerable uncertainty ranging from routine CT scanning 
dominating to being dominated. Unfortunately, the published table of results had mistakes, so 
the costs and QALYs that contribute to this uncertainty were not transparent and the authors 
did not elaborate on the possible reasons for this uncertainty. The authors acknowledged that 
omitting the risk of cancer from CT scanning was a limitation of their study, especially in 
children. The authors concluded that routine CT scanning should be considered as an option by 
decision-makers. We would conclude that more clarification around the considerable uncertainty 
is needed before this decision can be made.
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Smits et al.162

Overview
This study compared the cost-effectiveness of various CT scanning strategies with CT scanning 
all patients with MHI. Strategies included are the NOC,27 CCHR,26 CT in Head Injury Patients 
(CHIP)69 and CT for no patients. A Markov model was developed to assess long-term costs and 
QALYs. The model was based on data from the CHIP study69 (n = 3181) and from literature 
reviews. The correct identification of patients with a neurosurgical lesion, a non-neurosurgical 
lesion or no lesion was based on the sensitivity and specificity of the decision rules. Patients 
with delayed surgery were estimated to have worse outcomes than patients treated without 
delay. Patient outcomes are measured by the GOS. QoL estimates were derived from European 
Quality of Life-5 Dimensions (EQ-5D) questionnaires (n = 87) administered as part of the CHIP 
study and converted to utilities. The perspective of the model is the Dutch health-care system; 
both direct health-care and direct non-health-care costs are included. The base-case analysis 
was a cohort of 41-year-old men, representative of the typical patient in the CHIP study. The 
time horizon was 1 and 25 years. Costs and benefits were discounted at 3%. Univariate and 
multivariate sensitivity analysis and PSA were carried out. The risk of cancer from a CT scan was 
included; however, the authors give no information on the parameters used. Expected value of 
perfect information (EVPI) for further research was undertaken. The EVPI for further research 
was $1759 per patient, which, for the US population, over a period of 5 years, was estimated to 
amount to $7B. The analysis was repeated using cost-effectiveness modelling recommendations 
from the UK (health-care perspective, discounting rate of 3.5% for both costs and outcomes) and 
the Dutch (societal perspective, costs and outcomes discounted at 4% and 1.5%, respectively). 
In the base-case analysis, the NOC, ‘CT all patients’ and ‘CT not performed’ strategies were 
dominated by the other strategies. The ICER for the CHIP rule versus CCHR was $3M. In the 
PSA, the probability that performing selective CT was cost-effective compared with performing 
CT in all patients was 0.51–0.64, depending on the willingness-to-pay threshold (maximum of 
$75,000). The incremental cost per QALY results from the PSA were not reported. The authors 
state that similar results were found when using UK and Dutch modelling recommendations. 
The value of information (VOI) analysis indicated that further research was justified to reduce 
uncertainty about long-term functional outcomes after MHI.

Comments
This was a well-constructed model that scored highly on the assessment criteria. A particular 
strength of this model was that it was based on good-quality trial data with minimum input from 
the literature. The authors recognised that there was uncertainty around some of the rare events 
in the model.

Cost-effectiveness review summary
Comparison of the results from the three studies is not straightforward owing to the different 
objectives, comparators, populations and costings used. However, both the Smits et al.162 and 
Stein et al.163 studies agreed that the CCHR prediction tool was cost-effective compared with 
other strategies, although the comparator strategies used were different in these studies.

Independent economic assessment

This section details the methods and results of our health economic model, constructed to 
compare CT scanning management strategies for patients with a MHI. The strategies evaluated in 
adults were ‘CT all’ (theoretical), abnormal arrival GCS (theoretical), CCHR (high risk),26 CCHR 
(high or medium risk),26 NCWFNS,72 NOC,27 NEXUS II,62 NICE1 and the Scandinavian rule.73 
The decision rules evaluated in children were ‘CT all’ (theoretical), CHALICE,30 PECARN,90 
UCD93 and the rule of Atabaki et al. 2008.81 The analysis was undertaken to address the lack 
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of any published cost-effectiveness evidence from the perspective of the NHS in England and 
Wales. The key aim was to determine the optimal CT scanning management strategy in terms of 
cost-effectiveness.

Methods of independent economic analysis
Objectives
The objectives of the cost-effectiveness analysis were to:

 ■ estimate the cost-effectiveness of diagnostic strategies for MHI, in terms of the cost per 
QALY gained by each strategy

 ■ identify the optimal strategy for managing MHI in the NHS, defined as the most cost-
effective strategy at a willingness to pay per QALY gained threshold of £30,000

 ■ identify the critical areas of uncertainty in the management of MHI, where future primary 
research would produce the most benefit.

The costs and benefits of diagnostic management of minor head 
injuries
The main benefits of diagnostic management relate to rapid identification and treatment of 
patients with intracranial lesions that require urgent neurosurgery (neurosurgical lesions) and 
the identification of patients with non-neurosurgical lesions, so that they can be monitored 
and receive timely treatment if they subsequently deteriorate. The main disbenefit is the risk 
of cancer associated with CT radiation, particularly in children. The direct costs of diagnostic 
management include the costs of investigation, particularly CT scanning, and hospital admission 
for observation, and the subsequent costs of providing neurosurgical treatment, intensive care, 
rehabilitation and, for those with persistent disability, long-term social care. We built a model 
to allow us to analyse the effect of different diagnostic management strategies on these costs 
and benefits.

The decision-analysis model structure
We developed a decision-analysis model to estimate the costs and QALYs accrued by each 
potential management strategy for MHI, including a theoretical ‘zero option’ strategy of 
discharging all patients home without investigation. Each strategy was applied to a hypothetical 
cohort of patients attending the ED with MHI. We assumed that a proportion of the cohort 
would have an intracranial lesion requiring neurosurgery (typically an extradural haemorrhage) 
and another proportion would have an intracranial lesion that did not require neurosurgery. The 
remainder would have no intracranial haemorrhage. These proportions were estimated from the 
study of patients with MHI by Smits et al.166 (Table 24). This was a large study of patients with 
GCS 13–15 head injury in which all patients underwent CT scanning, and was thus judged to 
provide a reliable and relevant estimate of the prevalence of ICI. We also undertook a sensitivity 
analysis in which we used estimates from another study, that of Stein et al.71 This was also a large 
well-conducted study, but was limited to patients with GCS 14–15 and not all had CT scanning.

We assumed that the strategy would determine which patients underwent CT scanning and 
that the probability of detecting a neurosurgical lesion was determined by the sensitivity of the 

TABLE 24 Proportion of patients with neurosurgical or non-neurosurgical injury

Author

Neurosurgical injury Non-neurosurgical injury

n % 95% CI (%) n % 95% CI (%)

Smits et al.166 17/3181 0.53 0.33 to 0.85 226/3181 7.10 6.26 to 8.05

Stein et al.71 108/7955 1.36 1.13 to 1.64 423/7955 5.32 4.85 to 5.83
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strategy for neurosurgical lesions. We assumed that patients with a neurosurgical lesion detected 
on CT would be managed promptly (before any deterioration occurred), while those who did 
not undergo CT according to the strategy would receive delayed treatment (after deterioration 
had occurred).

We assumed that a proportion of patients with a non-neurosurgical lesion would deteriorate 
over the following 48 hours and require intervention (critical care support and/or neurosurgery), 
whereas the remainder would remain well. If the strategy led to CT being performed and the 
lesion detected then we assumed that the patient would be admitted to hospital and would 
receive prompt appropriate treatment. If the strategy did not lead to CT being performed we 
assumed that the patient would be discharged home and would receive delayed treatment. The 
proportion of patients undergoing CT was determined by the sensitivity of the strategy for 
detecting a non-neurosurgical lesion.

We assumed that patients without an intracranial lesion remained well and did not deteriorate. 
These patients would not therefore benefit from investigation and treatment.

The model assigned each patient to a GOS category depending upon whether or not he or she 
had an intracranial lesion (neurosurgical or non-neurosurgical) and how quickly it was treated. 
Each patient then accrued lifetime QALYs and health-care costs according to his or her GOS 
category. Costs were also accrued according to whether or not the strategy resulted in the patient 
receiving investigation with a CT scan, hospital admission for observation, or neurosurgery. 
Finally, we applied a QALY decrement and additional cost to every patient who received a CT 
scan to reflect the potential effect of radiation exposure upon long-term health. Details of each of 
these processes are outlined below.

Selection of strategies
The literature review identified a number of clinical decision rules for MHI. The national survey 
revealed that most hospitals used either the NICE1 or SIGN20 guidelines. Clinical decision rules 
for adults had been more extensively validated than those developed for children. We therefore 
selected clinical decision rules for adults only if they had been validated in a different cohort 
from the derivation cohort, whereas clinical decision rules for children were included if they 
had any accuracy parameters at the time we developed the model, even if they were from the 
derivation cohort.

The clinical decision rules were typically developed to determine whether or not patients should 
receive CT scanning. We therefore made the following assumptions about how they would be put 
into practice, based on clinical expertise:

 ■ patients with a neurosurgical lesion diagnosed on CT are admitted and operated on
 ■ patients with a non-neurosurgical lesion diagnosed on CT are admitted for observation
 ■ patients with a normal CT and those who do not receive a CT are discharged to the care of a 

responsible adult.

We also included several theoretical strategies:

 ■ a ‘zero option’ of discharging all patients without CT, to determine whether or not 
investigation and management of MHIs is cost-effective in general

 ■ CT scan for all patients, to determine whether this is more cost-effective than any attempt to 
select patients for CT

 ■ a ‘high specificity’ strategy of CT scanning only patients with an abnormal GCS 
at presentation.
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The ‘discharge all’ and ‘CT all’ strategies are included as theoretical strategies to explore the 
overall cost-effectiveness of diagnostic testing. The former would not be considered acceptable 
and the latter not currently feasible. However, their inclusion allows the model to explore 
theoretical issues, such as whether CT scanning in itself, or attempts to select patients for 
scanning, are cost-effective. The last strategy was included because clinical decision rules have 
been developed to optimise sensitivity at the expense of specificity. Health economic modelling 
gave us the opportunity to test the assumption that sensitivity should always be optimised. We 
assumed that a strategy based on GCS alone could have reasonably high specificity, albeit with 
sacrifice of sensitivity.

We did not use the modelling to compare strategies that admitted patients for observation 
(without CT) to those that used CT. Hospital admission costs slightly more than CT and there 
is no theoretical reason to expect better outcomes with hospital admission on the basis of our 
assumptions. Indeed, as CT allows neurosurgical intervention before deterioration, whereas 
admission uses patient deterioration to detect neurosurgical lesions, there are strong reasons to 
expect CT-based strategies to be more effective and cheaper. This is supported by several primary 
studies that have compared CT-based strategies with skull radiography and/or admission to 
conclude that CT-based strategies are more likely to detect intracranial bleeding and less likely to 
require hospital admission.35,34 Cost analyses based upon trial data36 and modelling37 both suggest 
that a CT-based strategy is cheaper.

However, there are a number of circumstances in which hospital admission can be used in 
CT-based strategies and several questions arise:

 ■ Is it cost-effective to admit clinically normal patients with a normal CT scan? Patients with a 
MHI and a normal CT scan have a very low (0.006%) risk of deterioration,167 so it is usually 
considered appropriate to discharge these patients home. We used our model to test the 
assumption that admission is not cost-effective for these patients.

 ■ Is it cost-effective to admit patients with a non-neurosurgical lesion on CT scan? These patients 
have a significant (13.5%)18 risk of deterioration requiring critical care or neurosurgical 
intervention, so hospital admission is typically considered appropriate. We used our model 
to determine whether or not admission is cost-effective for these patients.

 ■ Is it cost-effective to admit patients with a normal CT scan if no responsible adult is available 
to care for them? We assumed in the main analysis that patients with a normal CT scan 
would be discharged to the care of a responsible adult and would be brought back if they 
deteriorated. However, some patients do not have a responsible adult available and in 
the worst-case scenario a patient who deteriorated after discharge might die before being 
brought to medical attention. We used our model to test whether hospital admission for 
patients with a normal CT would be cost-effective if no responsible adult was available.

Finally, leading on from the last issue, we planned a secondary analysis to determine whether the 
optimal strategy remained so in the absence of a responsible adult. In these circumstances the 
potential benefit of CT scanning is enhanced because the consequences of missed intracranial 
lesion are more severe. The worst-case scenario would be that any patient discharged with an 
intracranial lesion would die before being brought to medical attention. We used the model to 
determine which strategy would be most cost-effective in this situation. This analysis and the 
third analysis above were only undertaken for adults because it was assumed that, in the case of 
children, a responsible adult would always be available.

Diagnostic parameters of each strategy
For each strategy, we estimated the sensitivity for neurosurgical intracranial lesion, the sensitivity 
for non-neurosurgical intracranial lesion and the specificity for no lesion. In the main analysis 
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we assumed that CT scanning was 100% accurate for identifying significant intracranial lesions 
and that the only relevant lesions were those related to the head injury (i.e. we did not consider 
incidental findings unrelated to the injury). The ‘CT all’ strategy, therefore, had 100% sensitivity 
for both neurosurgical and non-neurosurgical lesions and 100% specificity. The ‘zero option’ 
strategy had zero sensitivity and 100% specificity.

The literature review identified that most clinical decision rules for adults had estimates of 
diagnostic parameters from validation cohorts, although often in different settings from the 
derivation cohort. Decision rules would be expected to perform better in a derivation cohort 
and in a validation cohort from the same setting as the derivation cohort, so a validation study 
undertaken in a different setting could provide the most appropriate estimate of diagnostic 
performance. However, using different cohorts to estimate parameters for different decision rules 
could introduce selection bias. We therefore decided to use data from a validation study by Stein 
et al.71 to estimate parameters for all adult decision rules. This study reported a large, unselected 
cohort in which all of the main clinical decision rules were validated. All but one of them (the 
NWFCS rule)72 had been developed in a different population. Further details of the parameters 
used are provided below (see Transition possibilities).

The literature review identified that there has been very little validation of decision rules for 
children. We therefore used the derivation cohorts to provide estimates of diagnostic parameters 
for each of the decision rules for children, with the exception of Kupperman et al.,90 where we 
combined data from the derivation and validation cohorts. Further details are provided below 
(see Transition possibilities). We included decision rules only where data were available to 
calculate the sensitivity of the rule for neurosurgical and non-neurosurgical lesions separately, 
and where there were sufficient numbers of neurosurgical lesions to provide a meaningful 
estimate of sensitivity. The differences between the parameters reported for children’s decision 
rules may be due to differences in the cohorts and the reference standard used (particularly for 
non-neurosurgical injury) rather than performance of the rules. During the project we identified 
a study that had compared multiple decision rules for children in a validation cohort.89 We used 
the estimates of diagnostic accuracy for the UCD,93 NEXUS II62 and CHALICE30 rules from this 
study to undertake a sensitivity analysis using validation data. Further details of the estimated 
diagnostic parameters used are provided below (see Transition possibilities).

To estimate the cost-effectiveness of hospital admission compared with discharge home for 
clinically well patients with a normal CT scan we used data from a published review of studies 
that followed up patients with a MHI and a normal CT scan.167 This study reported that 4/66,121 
(0.006%) patients subsequently deteriorated and required neurosurgery. We assumed that the 
effect of early intervention associated with admitting these patients was similar to the effect 
modelled in patients with a non-neurosurgical lesion on CT (see below). We therefore modelled 
a comparison between admission and discharge of a cohort of patients who received CT scan and 
then had a 0.006% probability of subsequent deterioration.

To estimate the cost-effectiveness of hospital admission compared with discharge home for 
patients with a non-neurosurgical lesion on CT we modelled a comparison between admission 
and discharge for a cohort of patients with a non-neurosurgical lesion on CT. We used data from 
Fabbri et al.18 to estimate the risk of subsequent deterioration and an estimate of the relative risk 
of adverse outcome after discharge home (details outlined below).

To estimate the cost-effectiveness of hospital admission for patients with a normal CT scan 
and no responsible adult we repeated the analysis used to determine the cost-effectiveness of 
admission in those with a normal CT, but assumed that patients who deteriorated after discharge 
died and accrued no QALYs.
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To determine the optimal strategy for adults when no responsible adult is available we repeated 
the main analysis, but assumed that all patients who had a missed ICI (neurosurgical or non-
neurosurgical) died and accrued no QALYs.

Glasgow Outcome Score categorisation
The model allocated each patient to a GOS category according to whether they had an 
intracranial lesion and how quickly it was treated. This involved estimating the probabilities that 
patients with neurosurgical and non-neurosurgical lesions would end up in each GOS category 
depending on the extent of treatment delay.

Outcomes of neurosurgical lesions
As outlined in the previous section (see Glasgow Outcome Score categorisation), we needed 
to estimate the effect of delayed intervention upon the probability of ending up in each GOS 
category after suffering a neurosurgical intracranial lesion. Treatment without significant delay 
should correspond to current best practice. We therefore estimated outcomes from published 
studies reporting GOS after operation for extradural haemorrhage in cohorts of patients 
exclusively or predominantly presenting with GCS 13–15. These are summarised in Table 25.

A fixed-effects meta-analysis was conducted to estimate the proportions of patients categorised 
into each of the five GOS categories. The outcome data from each study were assumed to come 
from a multinomial distribution and the same degree of heterogeneity was assumed for each of 
the five states. The analysis was conducted in the Bayesian software Winbugs Version 1.4 (MRC 
Biostatistics Unit, Cambridge, UK) using vague prior distributions. In order for the pooled 
proportions to add up to approximately 1, constraints similar to those used previously for relative 
risks and risk differences were applied.168 The results are shown in Table 26.

Estimating the effect of delay upon outcome is difficult. Studies have analysed the association 
between time delay before surgery and outcome, generally reporting either no association 
or a negative association (i.e. longer time delays are associated with lower mortality). One 
would expect delays before neurosurgery to be associated with higher mortality, so this 

TABLE 25 Published outcomes for patients with appropriate interventions

Author, year Patients GCS score n

GOS score

5 4 3 2 1

Lee et al. 19987 All 13–15 77 63 4 3 4 3

Cheung et al. 20078 All 13–15 21 14 5 1 0 1

Cook et al. 19889 All 14–15 34 33 0 0 0 1

Gerlach et al. 200910 Children 13–15 23 23 0 0 0 0

Haselberger et al. 198811 All 8–15 22 13 7 1 0 1

TABLE 26 Estimated outcomes for patients with immediate interventions

GOS state n % 95% CrI (%)

5 146/177 81.00 74.7 to 86.1

4 16/177 9.30 5.6 to 13.9

3 5/177 3.20 1.2 to 6.3

2 4/177 2.70 0.9 to 5.5

1 6/177 3.80 1.6 to 7.9

CrI, credible interval.
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association is likely to be confounded by disease severity, with more severe cases receiving more 
urgent treatment.

We identified one study12 reporting the association between time delay and outcome where the 
time delay was due to long-distance interhospital transfer and thus presumably not related to 
disease severity. The outcomes for the patients who went directly to the neurosurgical centre 
(non-delayed) and those transferred before operation (delayed) are outlined in Table 27.

Using the probabilities for transferred patients directly would be problematic because of the small 
numbers. In particular, no transferred patients ended up in a vegetative state (GOS 2), whereas 
intuitively we would expect this outcome to be more common after delayed treatment. We therefore 
dichotomised GOS into good outcome (GOS 4 or 5) versus poor outcome (GOS 1–3) and used this 
to estimate the relative risk of a poor outcome following delayed treatment, which was 2.4.

Another study11 showed the association between outcome and time delay from LOC to operation. 
In this circumstance we would not expect confounding by disease severity to have a major influence 
because all patients who required neurosurgery after LOC would be treated as urgent and any 
delays would more likely be due to logistic factors. The results of this study are shown in Table 28.

Dichotomising the data between good outcome (GOS 4 or 5) and poor outcome (GOS 1–3) 
produced a relative risk for additional time delay causing an adverse outcome of 2.6, suggesting a 
similar effect to that calculated from the Deverill and Aitken12 data, albeit in a different scenario.

The relative risk for delay was calculated by assuming the proportion of patients with a poor 
outcome (GOS 1–3) was distributed binomially (and independently) for the two groups and 
treated as a stochastic variable in the calculations that follow. The proportions of patients in GOS 
categories 3, 2 and 1 above (i.e. with prompt treatment) were multiplied by the relative risk and 
the proportions in categories 4 and 5 were divided by the relative risk. Then the five probabilities 
were adjusted by dividing them by the sum of the probabilities for all categories to ensure that 
the proportions in each category for the delayed group added up to 1. These calculations were 
done in Winbugs to ensure that all variables were treated as stochastic (i.e. with uncertainty) 
for all calculations. The probabilities for each GOS category after delayed treatment are shown 
in Table 29.

The economic model of Smits et al.162 was published while we were developing our model. This 
used data from a study of the CHIP rule to estimate GOS outcomes after prompt treatment 
and historical data from Cordobés et al.169 (before the routine use of CT scanning) to estimate 

TABLE 27 Deverill and Aitken12 study data comparing direct to neurosurgery with interhospital transfer

Median timea GOS 5, n (%) GOS 4, n (%) GOS 3, n (%) GOS 2, n GOS 1, n (%)

Direct 4 hours 19 minutes 16 (69.6) 5 (21.7) 2 (8.7) 0 0

Transfer 8 hours 5 minutes 30 (68.1) 5 (11.4) 4 (9.1) 0 5 (11.4)

a Presentation to operation.

TABLE 28 Haselberger et al.11 study data comparing delay of > 2 hours with delay of < 2 hours

Delay GOS 5, n (%) GOS 4, n (%) GOS 3, n (%) GOS 2, n GOS 1, n (%)

< 2 hours 6 (33.3) 6 (33.3) 3 (16.7) 0 3 (16.7)

> 2 hours 1 (6.7) 1 (6.7) 4 (26.7) 0 9 (60.0)
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outcomes after delayed treatment. Having established our own approach we decided not to copy 
the approach used by Smits et al.162 or use the CHIP data, but to retain our own approach and see 
if the two different models would use similar parameter estimates and generate similar outcomes. 
Table 30 shows the estimates used in our model alongside those used in a similar model by Smits 
et al.162 This shows that although we estimated that more patients in both scenarios would make 
a full recovery, the absolute effect of delayed care (in terms of the proportion who would make a 
full recovery) was less.

Outcome of non-neurosurgical lesions
We needed to estimate what proportion of patients with a non-neurosurgical lesion on CT 
subsequently deteriorated and needed intervention. We also needed to estimate the probability 
of ending up in each GOS category if (1) the lesion is detected on CT and the patient admitted 
and treated appropriately and (2) CT is not performed and the patient discharged home without 
appropriate treatment.

The first scenario corresponds to best current practice and was therefore estimated from studies 
of outcome for patients admitted with GCS 13–15 and a non-neurosurgical lesion on CT. We 
found one relevant study (Fabbri et al.18) that reported on 865 patients admitted with GCS 9–15 
(700/865 with GCS 14–15) and ICI who did not require immediate neurosurgery. Of these 
177/865 (13.5%) deteriorated and required neurosurgical intervention. The outcomes for these 
patients are reported in Table 31. GOS categories 4 and 5 were reported together for these 117 
patients so we assumed that the relative proportions of GOS 4 and 5 among those receiving 
intervention were similar to those of the overall cohort, i.e. 12% had GOS 4.

We could not find any studies that reported the effect of time delay upon outcome in these 
patients. We therefore assumed that time delay had a similar effect to time delay in the treatment 
of lesions requiring immediate surgery, i.e. a relative risk of 2.4 for adverse outcome. The 
probability estimates for GOS after missed lesion and delayed treatment are shown in Table 32.

TABLE 29 Probabilities for each GOS category after delayed treatment

GOS state Percentage 95% CrI (%)

5 57.0 7.3 to 87.5

4 6.8 0.8 to 12.4

3 12.0 0.9 to 38.2

2 9.9 0.7 to 33.2

1 14.3 1.1 to 43.1

CrI, credible interval.

TABLE 30 Comparison of our estimates of outcome owing to immediate or delayed treatment to those used by 
Smits et al.162

GOS state

Our study % (95% CI) Smits et al. % (95% CI)

Immediate Delayed Immediate Delayed

5 80.9 (74.7 to 86.1) 56.3 (7.3 to 87.5) 63 (19 to 95) 39 (5 to 82)

4 9.2 (5.6 to 13.9) 6.1 (0.8 to 12.4) 31.0 (2 to 26) 22.0 (0 to 73)

3 3.1 (1.2 to 6.3) 11.3 (0.9 to 38.2) 0 10 (0 to 68)

2 2.6 (0.9 to 5.5) 9.2 (0.7 to 33.2) 0 0

1 3.7 (1.6 to 7.9) 13.5 (1.1 to 43.1) 6 (0 to 20) 29 (1 to 76)
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Most patients with non-neurosurgical lesions do not deteriorate, but these patients could 
potentially benefit from hospital admission if this allowed structured provision of information 
and planning of follow-up. We searched the literature to identify studies that estimated the 
benefit of such an intervention. A systematic review to examine the evidence for non-surgical 
intervention following mild TBI revealed only 16 acceptable studies.14 The authors concluded 
that the evidence supported a minimal educational strategy and encouragement of early return to 
normal activity. Routine use of intensive assessment and intervention did not improve outcomes 
when compared with simple interventions. In particular, there was no evidence that hospital 
admission was any better or worse in the prediction of adverse outcomes in this group. The most 
efficient and effective intervention was explanation and education for the patient about expected 
symptoms, but no figures for degree of effect are quoted. We therefore assumed that patients with 
non-neurosurgical lesions who did not deteriorate did not benefit from detection of their lesion 
or hospital admission.

Modelling methodology
A decision tree model was developed using Simul8 Professional software (Simul8 Corporation, 
Boston, MA, USA) to explore the costs and health outcomes associated with a MHI. The analysis 
was conducted for patients aged 1, 10, 40 and 75 years when presenting to the ED. The model 
takes a lifetime horizon, with mean life expectancy based on UK interim life tables.170 The 
analysis did not consider males and females separately. The economic perspective of the model is 
the NHS in England and Wales. Figure 21 shows the treatment pathways in the model.

Baseline and comparator decision rules
The decision rules evaluated in adults were ‘CT all’ (theoretical), ‘abnormal arrival’ GCS 
(theoretical), CCHR (high risk),26 CCHR (high or medium risk),26 NCWFNS,72 NOC,27 
NEXUS II,62 NICE1 and Scandinavian.73 The decision rules evaluated in children were ‘CT all’ 
(theoretical), CHALICE,30 PECARN,90 UCD93 and the rule of Atabaki et al. 2008.81

Movement between Glasgow Outcome Score states over time
A literature review was conducted to identify studies that investigated progression and regression 
between GOS states over time. One study was found: Whitnall et al.171 determined the outcomes 
at 5–7 years compared with outcomes at 1 year of a cohort of patients (n = 219) admitted to 

TABLE 31 Glasgow Outcome Score outcomes for non-neurosurgical lesions treated appropriately

GOS state n Percentage 95% CI (%)

5 95/117 81.2 73.2 to 87.2

4 13/117 11.1 6.6 to 18.1

3 8/117 6.8 3.5 to 12.9

2 0/117 0. 0  to 3.2

1 1/117 0.9 0.2 to 4.7

TABLE 32 Glasgow Outcome Score outcomes for delayed treatment

GOS state Point estimate (%) 95% CI (%)

5 55.96 7.2 to 85.8

4 8.26 1.0 to 15.7

3 27.66 2.1 to 74.1

2 2.66 0  to 15.8

1 5.46 0.2 to 24.7
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hospital after a head injury. The cohort was recruited from five hospitals in Glasgow in 1995–6. 
The index used to assess outcomes was the GOS-E. The comparison of outcomes (converted to 
GOS) between 1 and 5–7 years after injury is shown in Table 33. As the transition time is between 
5 and 7 years, each patient is randomly assigned a time between 5 and 7 years at which point they 
will change states according to the Whitnall et al.171 findings; thereafter, they are assumed to stay 
in that state for life.

Vegetative state
The Multi-Society Task Force on Persistent Vegetative State reported the mean length of survival 
for adults and children in a vegetative state as 3.6 and 7.4 years, respectively. Patients in GOS 2 
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FIGURE 21 Treatment pathway in the economic model.
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accrued the costs associated with a vegetative state for this length of time and were then assumed 
to have died. The QoL associated with a vegetative state in our model is zero.

Costs
Costs included in the model are the direct costs of diagnostic management including the costs 
of investigation, including CT scanning, and the subsequent costs of providing neurosurgical 
treatment and intensive care. A literature review was conducted to find costs for patients whose 
outcomes are represented by GOS states 2–5. Only one study was found. This study by the 
Personal Social Services Research Unit172 (PSSRU) aimed to identify the health and social care 
services used by young adults aged 18–25 years with acquired brain injury. The study used 
literature reviews, surveys and expert opinion to identify the annual incidence of acquired 
brain injury and then estimated likely pathways of care over a notional 12-month period. The 
study estimated average costs per person in four groups of patients, which correspond closely 
to the descriptions of GOS scores 3–5. As acknowledged in the above study, there is a ‘dearth 
of literature’ in this area and we have been unable to find any cost data for children or older 
people and have therefore assumed that the costs are the same as for age 18–25 years. The effect 
of differential cost by age will be tested in the sensitivity analysis. No cost data were found for 
patients in a vegetative state. We have, therefore, based our estimates on expert opinion.173 This 
estimate is based on 2 weeks in intensive care, followed by 4 months of rehabilitation and then 
transfer to a nursing home for the rest of the patient’s life. No nursing home care cost for children 
is available in the PSSRU Unit Costs of Health and Social Care 2009 and we have, therefore, 
assumed it is the same as for adults. Gamma distributions were used for all costs in the PSA.

Costs were discounted at an annual rate of 3.5% and were varied between 0% and 6% in 
the sensitivity analysis, as recommended by the NICE guide to the methods of technology 
appraisal).182 Costs used in the model are shown in Table 34.

Quality-of-life utility values
A literature review was conducted to identify studies that estimated utility values for GOS scores. 
Two studies were found: Smits et al.162 obtained long-term GOS outcomes and QoL scores 
using the EQ-5D questionnaire from a subset of patients from the study of CT in head injury 
patients.166 These were converted to utility scores and reported in the publication. QoL data 
were available for 87 patients. Aoki and Kitahara165 used standard gamble methods to elicit QoL 
utilities for GOS states 2–5 from 140 members of staff and students at a hospital in Japan.

These studies were assessed for methodological compliance with the NICE reference case, which 
stipulates that utilities should be measured in patients using a generic and validated classification 
system for which reliable UK population reference values, elicited using a choice-based method 

TABLE 33 Comparison of GOS outcome between 1 and 5–7 years after injury171

GOS state at 1 year

GOS at follow-up years 5–7 (%)

1 2 3 4 5

1 NA NA NA NA NA

2 100 0 0 0 0

3 46 0 31 16 7

4 30 0 6 41 23

5 28 0 4 14 54

NA, not applicable.
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such as the time trade-off or standard gamble, are available. The Smits et al. study162 was 
considered to comply most closely with the NICE reference case. Table 35 shows the results from 
this study.

The GOS state 2 represents patients in a vegetative state and, therefore, no QoL data can be 
collected from these patients. We have assumed that the QoL of these patients is the same as 
death (GOS 1) and is zero. The Smits et al. study162 did not report the age distribution of those 
patients used to estimate QoL utilities. We have, therefore, assumed that QoL for GOS 3 and 
GOS 4 is not age related. We have also assumed that QoL for GOS 5 is not age related; this is 
a potential weakness of the model. However, it is likely that the QoL lost through the ageing 
process will be proportionately comparable across all management strategies and the conclusions 
will be unaltered.

Cancer risk due to radiation from computerised tomography scans
Computerised tomography scans expose the patient to radiation, which causes cancer in a 
proportion of patients. This will have cost and QoL implications that have been accounted for in 
the model. The additional lifetime risk of cancer in adult patients is estimated at 1 in 10,000.176 
However, the risk decreases with age.177 A study by Stein et al.178 used modelling techniques and 
data from a literature review to estimate the risks of radiation exposure from a single CT scan to 

TABLE 34 Costs used in the model

Description Cost (£) 95% CI (£) Horizon Source

ED visit 126 67 to 170 One off National Schedule of Reference 
Costs 2007–08174

CT scan 100 80 to 117 One off National Schedule of Reference 
Costs 2007–08174

Admission with no deterioration or neurosurgery: 
head Injury without ICI without complications

847 490 to 997 One off National Schedule of Reference 
Costs 2007–08174

Neurosurgical intervention after deterioration: 
intracranial procedures for trauma with 
intermediate diagnosis

5805 3605 to 6616 One off National Schedule of Reference 
Costs 2007–08174

Neurosurgical intervention before deterioration: 
intracranial procedures for trauma with minor 
diagnosis

5273 3758 to 6374 One off National Schedule of Reference 
Costs 2007–08174

Long-term costs – GOS 4 17,160 –10% to 20% 1 year Beecham et al.172

Long-term costs – GOS 3 33,900 –10% to 20% 1 year Beecham et al.172

GOS 2 – intensive care 15,469 12,781 to 17,561 14 days of 
care

National Schedule of Reference 
Costs 2007–08174

GOS 2 – rehabilitation 27,960 –10% to 20% 4 months PSSRU 2009. NLIU for intermediate 
care175

GOS 2 – nursing home 893/week –10% to 20% Rest of life PSSRU 2009. Local authority 
residential care for older people175

NLIU, nursing-led inpatient unit.

TABLE 35 Quality of life estimates from the Smits et al. study162

GOS state QoL point estimate 95% CI

3 0.15 0.06 to 0.28

4 0.51 0.39 to 0.63

5 0.88 0.74 to 0.97



144 Assessment of cost-effectiveness evidence

children of different ages.178 The study also estimated mean QALYs lost attributable to radiation 
(discounted at 3% per annum) and the types and relative prevalence of radiation-induced 
cancers. The Stein et al.178 data estimate tumour risk and QALY loss up to the age of 20 years and, 
in order to include the tumour risk and QALY loss for adults in our model, we used the Stein et 
al.178 data from ages 5–20 years and predicted these forward using regression techniques (model 
R2 = 0.98). Table 36 shows the Stein et al.178 data and our predictions. The tumour-risk prediction 
from age 35 years is the same as the best available evidence for the lifetime risk of cancer in adult 
patients.176 A potential limitation of the model is using data from ages 5–20 years to predict 
QALY loss in adults. It is possible that our predictions do not sufficiently take into account the 
effects of discounting on QALY loss, which could mean that our predictions overestimate QALY 
loss in adults, especially the 75-year-old patient. This limitation, however, is expected to have 
little effect, as any inaccuracies around the QALY loss are likely to be small, but would favour 
those policies that perform fewer CT scans.

Table 37 shows the types and relative prevalence of radiation-induced cancers in children as 
estimated in the Stein et al.178 study. We were unable to find similar evidence relating to adults 
and our model, therefore, assumes that the types and relative prevalence of cancer are the same 
in adults as in children. We conducted a literature review to identify the mean expected cost of 
thyroid carcinoma, meningioma and glioma. The mean cost of glioma is taken from a Health 
Technology Assessment journal publication; this was the only reliable UK data source identified.179 
No reliable UK data source was identified for the cost of thyroid carcinoma or meningioma; in 
the absence of information, the cost of glioma has been used. We have also included a cost for 
palliative care for terminally ill patients in the UK.179

TABLE 36 Age-related effect of a single paediatric head CT scan on tumour occurrence and QoL: Stein et al.178 data 
and our predictions

Age at exposure (years) Tumour risk

Discounted QALY loss

Mean SD

Stein et al. data178

1 0.0022 0.0221 0.0018

2 0.0015 0.0156 0.0018

5 0.0012 0.0130 0.0014

10 0.0008 0.0093 0.0014

15 0.0005 0.0062 0.0012

20 0.0004 0.0052 0.0010

Predicted values

25 0.0003 0.005 0.0010

30 0.0002 0.004 0.0009

35 0.0001 0.004 0.0009

40 0.0001 0.003 0.0008

45 0.0001 0.003 0.0008

50 0.0001 0.003 0.0008

55 0.0001 0.003 0.0008

60 0.0001 0.003 0.0007

65 0.0001 0.002 0.0007

70 0.0001 0.002 0.0007

75 0.0001 0.002 0.0007

SD, standard deviation.



© Queen’s Printer and Controller of HMSO 2011. This work was produced by Pandor et al. under the terms of a commissioning contract issued by the 
Secretary of State for Health.

145 Health Technology Assessment 2011; Vol. 15: No. 27DOI: 10.3310/hta15270

The cost of cancer for each person in the model is estimated by tumour risk × mean cost of 
cancer × number of scans received. The Stein et al.178 study reports that the latency between 
radiation exposure and tumour diagnosis is > 5 years in the majority of cases; based on this, we 
have assumed a mean latency period of 10 years and the cost of cancer is therefore discounted for 
this time period.

Transition probabilities
Transition probabilities in the model are determined by the sensitivity and specificity of 
each decision rule. Further details are provided in Table 38 for adults and Tables 39 and 40 
for children. Column ‘R’ denotes the row number for simplicity. ‘R1’ is the probability that a 
neurosurgical lesion is correctly identified; these patients receive prompt surgery. ‘R2’ is 1 – R1, 
these patients have an intracranial lesion and are discharged with a responsible adult. ‘R3’ is the 
probability that a non-neurosurgical lesion is correctly identified; these patients are admitted and 
those that deteriorate are given prompt treatment. ‘R4’ is 1 – R3; these patients are discharged 
and receive delayed treatment if they deteriorate. ‘R5’ is the probability that patients with no 
intracranial lesion are correctly identified and discharged. ‘R6’ is 1 – R5; these patients have an 
unnecessary CT scan. The transition probabilities for GOS outcomes are described above (see 
Glasgow Outcome Score categorisation).

Model stability
The number of patients in each model run determines the stability of the results for estimating 
the optimal management strategy. This instability is a result of some events having a rare 
occurrence and stability can only be achieved by having sufficient numbers of patients to account 
for these rare events. With < 100,000 patients the model results were unstable in as far as the 
optimal management strategy would sometimes differ. With ≥ 100,000 patients in the model run, 
the optimal strategy was unchanged for all age groups despite the same input data.

Results
Deterministic results
Adult aged 40 years
Table 41 shows the mean costs and QALYs per patient according to whether or not the patient 
had an intracranial lesion, and then all cases combined. Costs and QALYs for patients with an 
intracranial lesion were determined by the sensitivity of the strategy for detecting lesions. Higher 
sensitivity was associated with higher QALYs and lower costs, the latter being due to the costs 
of care for those with GOS 2–4. Costs and QALYs for patients without an intracranial lesion 
were determined by the specificity of the strategy. Higher specificity was associated with lower 
costs and higher QALYs, the latter due to the effect of radiation exposure (the fewer CT scans 
performed, the less the radiation exposure and associated QALY loss).

Variation in specificity between the strategies leads to only small differences in the mean cost 
per patient for those with no intracranial lesion (about £100 per patient difference between the 

TABLE 37 Types, relative prevalence and costs of radiation-induced cancers in children estimated in the Stein et al.178 
study, with costs from Garside et al.179

Cancer type Relative incidence Cost (£) Assumed lower and upper bounds

Thyroid carcinoma 0.47 23,651 ± 10%

Meningioma 0.35 23,651 ± 10%

Glioma 0.19 23,651 ± 10%

Cost of palliative care 3087 ± 10%

Overall cost of cancer 26,738 ± 10%
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cheapest and most expensive) compared with the cost differences between those with intracranial 
lesion associated with variation in sensitivity (> £6000 per patient difference). This reflects the 
modest cost of CT scanning compared with the substantial costs of long-term care. Similarly, 
the QALY differences associated with variation in specificity are small (range of 0.0034 QALYs) 
compared with the QALY differences associated with variation in sensitivity (range of 0.3540 
QALYs). These observations mean that when all patients are examined together, sensitivity is 
a greater determinant of both costs and QALYs, despite the relatively low prevalence of ICI. 
However, the increased costs and reduced QALYs observed in patients with no intracranial 
lesion with the ‘CT all’ strategy are still significant enough to reduce the cost-effectiveness of this 
strategy compared with more selective strategies.

TABLE 39 Sensitivity and specificity of children’s CT decision rules: derivation data

R
Type of sensitivity 
or specificity

Probability of sensitivity or specificity of each strategy (95% CI)

Discharge 
all

CT all, admit 
positive, 
discharge 
negative CHALICE30 PECARN90

Atabaki et al. 
200881 UCD93

1 Strategy sensitivity 
for NS injury

0 1 134/137

0.98 (0.94 to 0.99)

41/41

1.00 (0.91 to 1.00)

6/6

1.00 (0.61 to 1.00)

29/29

1.00 (0.88 to 1.00)

2 1 – sensitivity for 
NS injury

1 0 3/137

0.02

0/41

0.00

0/6

0.00

0/29

0.00

3 Strategy sensitivity 
for NNS injury

0 1 142/143

0.99 (0.96 to 1.00)

228/237

0.96 (0.93 to 0.98)

56/59

0.95 (0.86 to 0.98)

97/98

0.99 (0.94 to 0.99)

4 1 – sensitivity for 
NNS injury

1 0 1/143

0.01

9/237

0.04

3/59

0.05

1/98

0.01

5 Strategy specificity 1 0 19,558/22,491

0.87 (0.86 to 0.88)

18,454/31,416

0.59 (0.58 to 0.60)

457/935

0.49 (0.46 to 0.52)

827/1938

0.43 (0.40 to 0.45)

6 1 – specificity 0 1 2933/22,491

0.13

12,871/31,416

0.41

478/935

0.51

1111/1938

0.57

NNS, non-neurosurgical; NS, neurosurgical.
Beta distributions were used in the PSA analysis for all parameters.

TABLE 40 Sensitivity and specificity of children’s CT decision rules: validation dataa

R Type of sensitivity or specificity

Probability of sensitivity or specificity of each strategy (95% CI)

Discharge all
CT all, admit positive, 
discharge negative CHALICE30 NEXUS II62 UCD93

1 Strategy sensitivity for NS injury 0 1 1.00

(0.88–1.00)

1.00

(0.88–1.00)

1.00

(0.88–1.00)

2 1 – sensitivity for NS injury 1 0 0.00 0.00 0.00

3 Strategy sensitivity for NNS injury 0 1 0.98

(0.92–1.00)

0.96

(0.93–1.00)

0.99

(0.93–1.00)

4 1 – sensitivity for NNS injury 1 0 0.02 0.04 0.01

5 Strategy specificity 1 1 0.05

(0.03–0.07)

0.21

(0.17–0.26)

0.12

(0.09–0.16)

6 1 – specificity 0 0 0.95 0.79 0.88

NNS, non-neurosurgical; NS, neurosurgical.
a All estimates from Klemetti et al.89

Beta distributions were used in the PSA analysis for all parameters.
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Table 42 shows the strategies ordered by ascending effectiveness (QALYs gained) and reports 
whether or not they are dominated by a cheaper and more effective strategy or subject to 
extended dominance. Where a strategy is neither dominated nor extendedly dominated an ICER 
is reported. The theoretical strategies (‘discharge all’, ‘CT all’ and ‘CT only if abnormal GCS’) are 
all clearly dominated, confirming that selective CT use based upon sensitive decision rules is 
likely to represent a cost-effective use of health-care resources. The NCWFNS,72 NICE,1 CCHR26 
(high risk) and NOC27 strategies were all dominated. The NEXUS II62 strategy was extendedly 
dominated by the Scandinavian73 and CCHR26 (high or medium risk) strategies. The CCHR26 
(with CT for high- and medium-risk cases) is the most cost-effective on deterministic analysis, 
although the differences in mean costs and QALYs between the various rules were small and 
determined by differences in point estimates for sensitivity that were not statistically significant 
in the primary data.

Adult aged 75 years
Table 43 reports the main deterministic analysis for an adult aged 75 years. Mean QALYs and 
mean costs are both lower than in the analysis for a 40-year-old adult, reflecting reduced life 
expectancy, and thus reduced long-term costs and QALYs. However, long-term costs of care 
for patients with GOS 2–4 remain the main cost driver and the QALY gain from accurate 
identification of intracranial lesion still outweighs the proportionately reduced QALY loss from 
irradiation. The CCHR, therefore, remains the most cost-effective, with the theoretical strategies 
clearly dominated.

Child aged 10 years
Table 44 reports the mean costs and QALYs for a child aged 10 years ‘with an intracranial 
lesion’, ‘without’ and ‘all patients’. Mean costs and QALYs are generally higher, reflecting 
longer life expectancy. However, the variation in the differences in mean costs and QALYs are 
only moderately greater than the variation observed in the adult case, owing to the effect of 
discounting. The variation in costs and QALYs for those with an intracranial lesion is again much 
greater than the variation in those without an intracranial lesion. So, although the potential effect 
of irradiation in children is greater than in adults, the costs and QALYs lost by misdiagnosis 
of intracranial lesion are correspondingly increased. The CHALICE30 rule dominates the other 
strategies by virtue of gaining more QALYs with lower costs.

TABLE 41 Mean costs and QALYs for adult aged 40 years

Strategy

Intracranial lesion No intracranial lesion All patients

Mean costs (£) Mean QALYs Mean costs (£) Mean QALYs Mean costs (£) Mean QALYs

Discharge all 41,795 12.699 126 19.1560 3305 18.6633

NICE1 35,930 13.052 196 19.1537 2923 18.6881

CT all 35,972 13.047 228 19.1526 2955 18.6868

Abnormal arrival GCS 37,635 12.970 129 19.1559 2991 18.6839

CCHR (high risk)26 36,113 13.045 176 19.1543 2918 18.6882

CCHR (high or medium risk)26 35,946 13.055 180 19.1542 2909 18.6888

NCWFNS72 35,974 13.041 180 19.1542 2911 18.6878

NOC27 35,946 13.055 194 19.1537 2922 18.6884

NEXUS II62 35,937 13.045 180 19.1542 2908 18.6880

Scandinavian73 35,974 13.041 174 19.1544 2905 18.6880
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TABLE 42 Deterministic analysis for an adult aged 40 years

Strategy
Mean 
costs (£)

Mean 
QALYs

Incremental 
cost (£)

Incremental 
QALYs

ICER compared with 
next last effective 
treatment on the CE 
frontier

Discharge all 3305 18.6633 Dom

Abnormal arrival GCS 2991 18.6839 Dom

CT all 2955 18.6868 Dom

NCWFNS72 2911 18.6878 Dom

Scandinavian73 2905 18.6880 NA

NEXUS II62 2908 18.6880 ExtDoma

NICE 2923 18.6881 Dom

CCHR26 (high risk) 2918 18.6882 Dom

NOC27 2922 18.6884 Dom

CCHR26 (high or medium risk) 2909 18.6888 3 0.00089 £3879

CE, cost-effectiveness; Dom, dominated; ExtDom, extendedly dominated; NA, not applicable.
a Extendedly dominated by Scandinavian and CCHR (high or medium risk).

TABLE 43 Deterministic analysis for an adult aged 75 years

Strategy
Mean costs 
(£) Mean QALYs

Incremental 
cost (£)

Incremental 
QALYs

ICER compared with 
next last effective 
treatment on the CE 
frontier

Discharge all 1716 7.8277 Dom

Abnormal arrival GCS 1543 7.8363 Dom

CT all 1567 7.8368 Dom

NCWFNS72 1523 7.8376 Dom

NICE1 1535 7.8376 Dom

NEXUS II62 1520 7.8377 Dom

Scandinavian73 1517 7.8377 NA

NOC27 1534 7.8378 Dom

CCHR (high risk)26 1521 7.8378 Dom

CCHR (high or medium risk)26 1521 7.8381 3 0.00033 £10,397

CE, cost-effectiveness; Dom, dominated; NA, not applicable.

TABLE 44 Mean costs and QALYs for a child aged 10 years

Strategy

Intracranial lesion No intracranial lesion All patients

Mean costs (£) Mean QALYs Mean costs (£) Mean QALYs Mean costs (£) Mean QALYs

CHALICE30 45,038 15.6795 141 22.9720 3567 22.4156

PECARN90 45,221 15.6639 174 22.9693 3611 22.4119

UCD93 44,961 15.6717 192 22.9679 3608 22.4112

Atabaki et al.81 45,225 15.6604 185 22.9684 3621 22.4108

CT all 45,122 15.6680 241 22.9639 3666 22.4072

Discharge all 52,405 15.2597 126 22.9732 4115 22.3847
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Child aged 1 year
Table 45 reports mean costs and QALYs for a child aged 1 year ‘with an intracranial lesion’, 
‘without’ and ‘all patients’. The results do not differ markedly from those for a child aged 10 years 
and, again, CHALICE30 is the dominant strategy.

Sensitivity analysis
Sensitivity analysis using Stein et al.’s prevalence estimates
We repeated the deterministic analysis using the estimates of prevalence of neurosurgical lesion 
and non-neurosurgical lesion from Stein et al.71 (Tables 46–49). The CHALICE30 rule remained 
dominant for children, but the NEXUS II62 rule was dominant for adults. This reflects our 
estimates of sensitivity for neurosurgical and non-neurosurgical injury. The CCHR (high- and 
medium-risk criteria) had higher sensitivity than NEXUS II for non-neurosurgical injury, and 
was more cost-effective in the baseline analysis, which used a higher estimated prevalence of 
non-neurosurgical injury. However, the NEXUS II62 rule had higher sensitivity for neurosurgical 
injury and was thus dominant when the Stein et al. data71 (with higher prevalence for 
neurosurgical injury) were used. The absolute cost and QALY differences between the CCHR and 
NEXUS II62 rules were very small in both analyses and attributable to small differences in point 
estimates of sensitivity.

Univariate
A univariate sensitivity analysis was conducted to identify those parameters that were most likely 
to alter the choice of which management strategy was optimal. Each parameter was assigned the 
lowest and highest value according to the 95% CI. For all ages, no parameter change altered the 
optimal strategy decision. Discount rates were varied between 0% and 6% in accordance with the 
NICE methods guide;182 these rates had no effect on the optimal strategy decision for all ages.

TABLE 45 Mean costs and QALYs for a child aged 1 year

Strategy

Intracranial lesion No intracranial lesion All patients

Mean costs (£) Mean QALYs Mean costs (£) Mean QALYs Mean costs (£) Mean QALYs

CHALICE30 46,066 16.0746 144 23.5566 3648 22.9857

PECARN90 46,252 16.0583 185 23.5503 3699 22.9787

UCD93 45,985 16.0665 207 23.5568 3700 22.9760

Atabaki et al.81 46,257 16.0545 198 23.5482 3713 22.9764

CT all 46,179 16.0526 268 23.5374 3771 22.9663

Discharge all 53,605 15.6364 126 23.5595 4206 22.9549

TABLE 46 A child aged 1 year, using Stein et al.71 estimate of prevalence

Strategy Mean costs (£) Mean QALYs
ICER compared with the next last effective treatment on the CE 
frontier

Discharge all 4979 22.9426 Dom

CT all 4512 22.9552 Dom

UCD93 4440 22.9653 Dom

Atabaki et al.81 4415 22.9670 Dom

PECARN90 4429 22.9690 Dom

CHALICE30 4400 22.9735 Dominant strategy

CE, cost-effectiveness; Dom, dominated.
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TABLE 47 A child aged 10 years, using Stein et al.71 estimate of prevalence

Strategy Mean costs (£) Mean QALYs
ICER compared with the next last effective treatment on the CE 
frontier

Discharge all 4874 22.3725 Dom

CT all 4393 22.3965 Dom

UCD93 4333 22.4009 Dom

Atabaki et al.81 4310 22.4019 Dom

PECARN90 4326 22.4027 Dom

CHALICE30 4304 22.4038 Dominant strategy

CE, cost-effectiveness; Dom, dominated.

TABLE 48 An adult aged 40 years, using Stein et al.71 estimate of prevalence

Strategy Mean costs (£) Mean QALYs
ICER compared with the next last effective treatment on the CE 
frontier

Discharge all 3757 18.6512 Dom

Abnormal arrival GCS 3394 18.6730 Dom

CT all 3391 18.6761 Dom

NOC27 3339 18.6774 Dom

CCHR (high risk)26 3346 18.6775 Dom

NICE1 3364 18.6775 Dom

CCHR (high or medium risk)26 3326 18.6778 Dom

NCWFNS72 3350 18.6778 Dom

Scandinavian73 3344 18.6780 Dom

NEXUS II62 3312 18.6783 Dominant strategy

CE, cost-effectiveness; Dom, dominated.

TABLE 49 An adult aged 75 years, using Stein et al.71 estimate of prevalence

Strategy Mean costs (£) Mean QALYs
ICER compared with the next last effective treatment on the CE 
frontier

Discharge all 1954 7.8226 Dom

Abnormal arrival GCS 1748 7.8318 Dom

CT all 1788 7.8323 Dom

NOC27 1746 7.8332 Dom

NICE1 1757 7.8332 Dom

CCHR (high risk)26 1739 7.8333 Dom

CCHR (high or medium risk)26 1732 7.8334 Dom

NCWFNS72 1743 7.8334 Dom

Scandinavian73 1738 7.8336 Dom

NEXUS II62 1727 7.8336 Dominant strategy

CE, cost-effectiveness; Dom, dominated.
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Sensitivity analysis using validation data for children
We repeated the deterministic analysis for children using data from the study that validated 
the NEXUS II,62 UCD93 and CHALICE30 rules.89 The results are shown for children aged 1 year 
(Table 50) and children aged 10 years (Table 51). All three rules dominate the ‘CT all’ and 
‘discharge all’ strategies at both ages. The CHALICE30 rule is dominated by the NEXUS II62 and 
UCD93 rules. The NEXUS II62 rule is more effective and more expensive than the UCD rule93 with 
an ICER of £3363 per QALY in the age 1 year analysis and £7471 in the age 10 years analysis. 
Assuming a threshold for willingness to pay of £20,000 or 30,000 per QALY, the NEXUS II62 rule 
is optimal.

Probabilistic sensitivity analysis
Table 52 shows the parameters and distributions used in the PSA.

Probabilistic sensitivity analysis results
Tables 53–56 show the mean PSA values for ages 1, 10, 40 and 75 years, respectively. In the PSA, 
the CHALICE30 rule is the dominant strategy for children, as was the case in the deterministic 
analysis. For adults, the CCHR26 (high or medium risk) rule was the most cost-effective in the 
deterministic analysis, with ICERs of approximately £4000 and £10,000 for ages 40 and 75 years, 
respectively. However, in the PSA this decision rule dominates the other rules for both ages.

Figures 22–25 show the graphical results of the PSA for each age group. These are presented as 
cost-effectiveness acceptability curves,181 with the probability of each strategy being the most 
cost-effective plotted against values of willingness to pay for health gain ranging from £0 (where 
the cheapest strategy is the most cost-effective) to £50,000 per QALY. The usual threshold for 
decision-making is £20,000–30,000 per QALY.182

TABLE 50 A child aged 1 year, using validation data

Strategy Mean costs (£) Mean QALYs Incremental cost (£) Incremental QALYs

ICER compared with the 
next last effective treatment 
on the CE frontier

Discharge all 4206 22.955 Dom

CT all 3771 22.966 Dom

CHALICE30 3759 22.968 Dom

UCD93 3740 22.970

NEXUS II62 3749 22.972 8 0.002 £3556

CE, cost-effectiveness; Dom, dominated.

TABLE 51 A child aged 10 years, using validation data

Strategy Mean costs (£) Mean QALYs Incremental cost (£) Incremental QALYs

ICER compared with the 
next last effective treatment 
on the CE frontier

Discharge all 4115 22.3847 Dom

CT all 3666 22.4072 Dom

CHALICE30 3658 22.4073 Dom

UCD93 3641 22.4085

NEXUS II62 3651 22.4098 10 0.001 £7755

CE, cost-effectiveness; Dom, dominated.
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TABLE 52 Parameters and distributions used in the PSA

Parameter
Mean probability 
or per cent

95% CI probability or 
per cent Distribution

Clinical outcomes

NS injury 0.0053 0.0033 to 0.0085 Beta

NNS injury 0.0710 0.0626 to 0.0805 Beta

NS lesion: GOS outcomes after immediate intervention

GOS 5 81.00% 74.7% to 86.1% Dirichlet

GOS 4 9.30% 5.6% to 13.9% Dirichlet

GOS 3 3.20% 1.2% to 6.3% Dirichlet

GOS 2 2.70% 0.9% to 5.5% Dirichlet

GOS 1 3.80% 1.6% to 7.9% Dirichlet

NS lesion: GOS outcomes after late intervention

GOS 5 57.0% 7.3% to 87.5% Dirichlet

GOS 4 6.8% 0.8% to 12.4% Dirichlet

GOS 3 12.0% 0.9% to 38.2% Dirichlet

GOS 2 9.9% 0.7% to 33.2% Dirichlet

GOS 1 14.3% 1.1% to 43.1% Dirichlet

NNS lesion: GOS outcomes after immediate intervention

GOS 5 81.2% 73.2% to 87.2% Dirichlet

GOS 4 11.1% 6.6% to 18.1% Dirichlet

GOS 3 6.8% 3.5% to 12.9% Dirichlet

GOS 2 0% 0.0% to 3.2% Dirichlet

GOS 1 0.9% 0.2% to 4.7% Dirichlet

NNS lesion: GOS outcomes after late intervention

GOS 5 55.96% 7.2% to 85.8% Dirichlet

GOS 4 8.26% 1.0% to 15.7% Dirichlet

GOS 3 27.66% 2.1% to 74.1% Dirichlet

GOS 2 2.66% 0.0% to 15.8% Dirichlet

GOS 1 5.46% 0.2% to 24.7% Dirichlet

QoL utilities

GOS 3 0.15 0.06 to 0.28 Beta

GOS 4 0.51 0.39 to 0.63 Beta

GOS 5 0.88 0.74 to 0.97 Beta

Age-related effect of a single paediatric head CT scan on tumour occurrence

Age 1 year 0.0022 ± 10% Normal

Age 10 years 0.0008 ± 10% Normal

Age 40 years 0.0001 ± 10% Normal

Age 75 years 0.0001 ± 10% Normal

Age-related effect of a single paediatric head CT scan on QoL decrement

Age 1 year 0.0221 0.0185 to 0.0257 Beta

Age 10 years 0.0093 0.0066 to 0.012 Beta

Age 40 years 0.0030 0.0018 to 0.005 Beta

Age 75 years 0.0020 0.001 to 0.0035 Beta

Cancer latency (years) 10 ± 5 Normal

continued
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TABLE 52 Parameters and distributions used in the PSA (continued)

Parameter
Mean probability 
or per cent

95% CI probability or 
per cent Distribution

PVS mean survival

Age 1 and 10 years 7.4 ± 10% Normal

Age 40 and 75 years 3.59 ± 10% Normal

Costs (£) 95% CI or assumed limit

Costs

ED visit 126 £67 to 170 Gamma

CT scan 100 £80 to 117 Gamma

Admission with no deterioration or neurosurgery: head Injury 
without ICI without complications

847 £490 to 997 Gamma

NS intervention after deterioration: intracranial procedures for 
trauma with intermediate diagnosis

5805 £3605 to 6616 Gamma

NS intervention before deterioration: intracranial procedures for 
trauma with minor diagnosis

5273 £3758 to 6374 Gamma

Long-term costs – GOS 4 17,160 –10% to 20% Gamma

Long-term costs – GOS 3 33,900 –10% to 20% Gamma

GOS 2 – intensive care 15,469 £12,781 to 17,561 Gamma

GOS 2 – rehabilitation 27,960 –10% to 20% Gamma

GOS 2 – nursing home 893/week –10% to 20% Gamma

Cost of cancer 26,738 ± 10% Gamma

NNS, non-neurosurgical; NS, neurosurgical; PVS, persistent vegetative state.
For probabilities of each strategies sensitivity and specificity see Tables 38 and 39.

TABLE 53 Mean PSA values for an age of 1 year

Strategy
Mean costs 
(£)

Mean 
QALYs ICER compared with next last effective treatment on the CE frontier

Discharge all 14,743 22.9599 Dom

CT all 13,046 22.9706 Dom

Atabaki et al.81 13,056 22.9804 Dom

UCD93 13,003 22.9804 Dom

PECARN90 13,014 22.9832 Dom

CHALICE30 12,936 22.9896 Dominant strategy

CE, cost-effectiveness; Dom, dominated.

TABLE 54 Mean PSA values for an age of 10 years

Strategy
Mean costs 
(£)

Mean 
QALYs ICER compared with the next last effective treatment on the CE frontier

Discharge all 14,403 22.3895 Dom

CT all 12,723 22.4114 Dom

Atabaki et al.81 12,746 22.4147 Dom

UCD93 12,693 22.4154 Dom

PECARN90 12,707 22.4164 Dom

CHALICE30 12,636 22.4194 Dominant strategy

CE, cost-effectiveness; Dom, dominated.
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TABLE 56 Mean PSA values for an age of 75 years

Strategy
Mean costs 
(£) Mean QALYs

ICER compared with the next last effective treatment on 
the CE frontier

Discharge all 5466 7.82941 Dom

Abnormal arrival GCS 5008 7.83736 Dom

CT all 4919 7.83823 Dom

NICE1 4891 7.83895 Dom

NOC27 4887 7.83899 Dom

NCWFNS72 4892 7.83903 Dom

Scandinavian73 4886 7.83913 Dom

NEXUS II62 4884 7.83914 Dom

CCHR (high risk)26 4880 7.83921 Dom

CCHR CT (high or medium risk)26 4874 7.83928 Dominant strategy

CE, cost-effectiveness; Dom, dominated.

TABLE 55 Mean PSA values for an age of 40 years

Strategy
Mean costs 
(£) Mean QALYs

ICER compared with the next last effective treatment on 
the CE frontier

Discharge all 11,540 18.6674 Dom

Abnormal arrival GCS 10,538 18.6863 Dom

CT all 10,232 18.6902 Dom

NCWFNS72 10,232 18.6911 Dom

NICE1 10,212 18.6912 Dom

Scandinavian73 10,226 18.6913 Dom

NOC27 10,205 18.6913 Dom

NEXUS II62 10,214 18.6914 Dom

CCHR (high risk)26 10,210 18.6915 Dom

CCHR (high or medium risk)26 10,192 18.6917 Dominant strategy

CE, cost-effectiveness; Dom, dominated.
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For children, the optimal management strategy is the CHALICE30 rule. For willingness-to-pay 
thresholds between £0 and £50,000, the probability that this management strategy is cost-effective 
is 75–100% for children aged 1 year and 70–100% for children aged 10 years.

For adults, the optimal management strategy is the CCHR (medium to high risk). For 
willingness-to-pay thresholds between £0 and £50,000, the probability that this management 
strategy is cost-effective is 28–42% for adults aged 40 years and 34–42% for adults aged 75 years.
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FIGURE 23 Cost-effectiveness acceptability curve for a child aged 10 years.
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Analysis of optimal sensitivity and specificity
The CCHR (high and medium risk), with sensitivity of 99% and specificity of 47%, was the 
optimal strategy for adults. To explore whether this represents an appropriate trade-off between 
sensitivity and specificity, we undertook a secondary deterministic analysis to identify the extent 
to which specificity could be sacrificed to produce a more cost-effective rule with 100% sensitivity 
and the extent to which sensitivity could be sacrificed to produce a more cost-effective rule with 
markedly increased (70%) specificity. We compared a theoretical rule with 100% sensitivity and 
varying specificity to the CCHR, and then compared a theoretical rule with 70% specificity and 
varying sensitivity to the CCHR. The results are shown in Table 57.

The results show that the rule with 100% sensitivity would dominate the CCHR if specificity 
were ≥ 40%. It would be cost-effective with 38–39% specificity if we were willing to pay £30,000 
per QALY gained, but would not be cost-effective using this threshold if specificity were ≤ 37%. 
The rule with 70% specificity would dominate the CCHR if sensitivity were ≥ 96%. It would be 
cost-effective with 94–95% specificity unless we were willing to pay more than the £30,000 per 
QALY threshold, but if sensitivity were ≤ 93% it would be dominated. This analysis suggests that 
the CCHR26 has an appropriate ratio of sensitivity to specificity and one should not be sacrificed 
to any great extent to optimise the other.

Admission strategies
Table 58 shows the costs, QALYs, discounted life-years gained (DLYG) and ICER for the strategy 
of admitting patients with a normal CT to hospital compared with discharge home with a 
responsible adult. Hospital admission gains a very small number of QALYs compared with 
discharge home, reflecting the low risk of subsequent deterioration and thus the low potential 
benefit from admission. Hospital admission is markedly more expensive than discharge home, so 
the ICER of admission is almost £39M per QALY. Hospital admission for patients with a normal 
CT scan would not therefore be considered a cost-effective use of health-care resources on the 
basis of detecting subsequent deterioration.

Table 59 shows the costs, QALYs, DLYG and ICER for the same strategy, but compared with 
discharge home without a responsible adult. The admission strategy gains more QALYs because it 
is assumed that discharged patients who deteriorate are not brought to medical attention and die. 
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As a result, the ICER drops to £2.5M per QALY, but is still much higher than current thresholds 
for willingness to pay.

Table 60 shows the costs, QALYs, DLYG and ICER for the strategy of admitting patients with a 
non-neurosurgical lesion on CT scan. The admission strategy gains QALYs by providing earlier 
treatment of patients who deteriorate. It also costs less because earlier treatment results in fewer 
cases requiring long-term care, which compensates for the costs of hospital admission. The 
admission strategy is, therefore, cheaper and more effective than discharge home.

Table 61 shows the base-case analysis for a 40-year-old adult repeated with the assumption that 
patients who are discharged home have no responsible adult and are, therefore, not brought to 
medical attention when they deteriorate. It is assumed that patients with a missed neurosurgical 
lesion or a missed non-neurosurgical lesion and who deteriorate will not receive treatment and 
die. The ‘discharge all’ strategy is therefore cheaper and less effective than in the main model and 
is not dominated by other strategies. The NCWFNS,72 Scandinavian,73 ‘CT all’, NEXUS II62 and 
NOC27 strategies are all dominated and the Abnormal arrival GCS and CCHR (high risk)26 are 
both extendedly dominated by the CCHR (high or medium risk)26 and the NICE1 strategies. The 
NICE1 strategy is therefore compared with the CCHR (high or medium risk)26 strategy and is 
cost-effective with an ICER of £8508.

TABLE 58 Comparison of admission versus discharge for patients with a normal CT scan

Management 
policy Cost (£) QALY DLYG

Incremental cost 
(£)

Incremental 
QALY ICER

Admit 467,668,501 8,706,969 10,883,914 441,432,181 11 38,997,739

Discharge 26,236,319 8,706,958 10,883,870

TABLE 59 Comparison of admission versus discharge for patients with a normal CT scan if there is no responsible adult

Management 
policy Cost (£) QALY DLYG

Incremental cost 
(£) Incremental QALY ICER

Admit 467,668,501 8,706,969 10,883,914 467,668,501 186 2,507,834 

Discharge 0 8,706,783 10,883,478  

TABLE 57 Secondary analysis of optimal sensitivity and specificity

Specificity of 100% sensitive rule Dominates or ICER Sensitivity of 70% specific rule Dominates or ICER

0.47 Dominates 0.99 Dominates

0.40 Dominates 0.98 Dominates

0.39 £11,288 0.97 Dominates

0.38 £29,061 0.96 Dominates

0.37 £51,828 0.95 £64,714

0.36 £82,036 0.94 £152,631

0.29 Dominated 0.93 Dominated
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Expected value of perfect information analysis
The EVPI is the expected outcome with perfect information minus the expected outcome without 
perfect information.183 Per-person EVPI for each age is shown in Table 62. An estimated 700,000 
patients per year attend the ED with a MHI. Assuming a 10-year horizon for the value of further 
research, the maximum amount of research funding to achieve perfect information is calculated 
as the EVPI per person × 700,000 × 10.

The EVPI analysis appears to show that research funding will provide little value for money 
for children. However, this reflects failure of the model to appropriately quantify uncertainty 
around estimates of diagnostic accuracy for clinical decision rules in children. These estimates 
were obtained from large derivation studies that generated estimates of sensitivity and specificity 
that were precise, but arguably not accurate. Derivation studies may overestimate sensitivity and 
specificity. If this is the case then the CI from a large derivation study will not encompass the true 
value and will not reflect the uncertainty around diagnostic parameters.

For adults there appears to be a considerable sum of money available to be spent in order to 
remove all uncertainty from the model. However, such trials may need to be exceedingly large 
to remove a considerable proportion of uncertainty and may be of questionable ethical status. 
Formal expected value of sample information techniques185 would be an area for future research.

TABLE 60 Comparison of admission versus discharge for patients with a non-neurosurgical lesion on CT scan

Cost (£) QALY DLYG Incremental cost (£) Incremental QALY ICER

Admit 60,659,174,150 7,974,524 10,365,266 –3,387,557,645 37,543 Dominates

Discharge 64,046,731,795 7,936,981 10,317,224

TABLE 61 An age of 40 years, base-case analysis, discharged without a responsible adult

Strategy Mean cost (£) Mean QALY 
Incremental 
cost (£)

Incremental 
QALY

ICER compared with the next least 
effective treatment on the CE 
frontier

Discharge all 2055 18.5508

Abnormal arrival GCS 2830 18.6599 ExtDoma

NCWFNS72 2910 18.6847 Dom

Scandinavian73 2904 18.6849 Dom

CT all 2955 18.6868 Dom

CCHR (high risk) 2896 18.6868 ExtDoma

NEXUS II62 2913 18.6869 Dom

NOC27 2914 18.6872 Dom

CCHR (high or medium risk)26 2901 18.6876 846 0.13683 £6,182

NICE1 2904 18.6880 3 0.00040 £8,508

CE, cost-effectiveness; Dom, dominated; ExtDom, extendedly dominated.
a Extendedly dominated by CCHR (high or medium risk)26 and NICE.1
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Expected value of partial perfect information analysis
An expected value of partial perfect information (EVPPI)184 analysis was not undertaken as this 
relies on two nested Monte Carlo simulations. The model takes approximately 1–2 hours to run a 
PSA of 1000 runs, depending on the processor speed. There are over 60 parameters in the model, 
each with 1000 PSA values. A full EVPPI analysis would therefore take approximately 90,000 
(1.5 × 60 × 1000) hours, which was deemed impractical.

TABLE 62  Expected value of perfect information results

Age (years) EVPI per person (£) Maximum funding (£)

1 0 0

10 0.6 4,200,000

40 24 168,000,000

75 14.1 98,700,000
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Chapter 6  

Survey of current NHS practice

We aimed to evaluate current NHS practice in the management of isolated MHI, review 
national statistics relating to head injury and then correlate these two data sources 

to determine whether or not methods of service delivery are associated with differences in 
admission rates for head injury.

Methods of the survey

Data sources
Data were sought from two sources: (1) postal survey of the lead clinician of all major acute 
hospital EDs in the UK and (2) HES for England and Wales.

Questionnaire specification
A simple postal questionnaire survey was developed to identify key elements of service 
provision for isolated MHI. The survey was designed to be completed within 5 minutes by the 
lead clinician, based entirely upon his/her working knowledge of the department. The clinician 
was not asked to seek out data or estimate any parameters, such as proportions of patients 
receiving a particular form of care. The aim of this approach was to maximise response rates, 
data completion and reliability of responses. Two copies of the questionnaire were sent to each 
consultant, one for adults and one for children, except for departments known to only routinely 
receive adults or children. The two copies differed only in the patient group of interest. An 
example of the adult questionnaire is outlined in Appendix 12. Two further reminders, sent at 
3-week intervals, were sent to non-responders.

Hospital Episode Statistics data requests
The HES is a data warehouse containing details of all admissions to NHS hospitals in England 
and is openly accessible online (www.hesonline.org.uk). Data on all acute hospital episodes from 
1998 have been collected, assembled and made available online. Data on ED attendances have 
recently started to be collected and are available on request. HES data were formally requested 
from the Health and Social Care Information Centre for all records between 2007 and 2008 
containing the ED diagnosis ‘head injury’ and attendance disposal (e.g. admission or discharge) 
by each provider (e.g. hospital or trust) in the UK.

Data analysis
The questionnaire survey responses were entered onto a Microsoft Excel 2007 (Microsoft 
Corporation, Redmond, WA, USA) spreadsheet and simple descriptive analysis of proportions 
in each response category were undertaken. The HES data were received on a Microsoft 
excel spreadsheet and were also analysed descriptively. Cases were divided into children (age 
0–14 years) and adults (age > 14 years) and analysed separately. The proportions of adults and 
children at each trust who were admitted, discharged or had an unknown disposal from the ED 
were calculated, and then the proportion of cases in each category was determined. The following 
were excluded: trusts through which all patients were admitted, all were discharged or > 50% 
were unknown. This was because it was suspected that such trusts were seeing a selected patient 
group (such as referrals), were unable to admit patients or were providing unreliable data. The 
median proportion of patients admitted and discharged was then estimated.
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Finally, each trust with analysable HES data was matched to an acute hospital associated with 
those trusts that had been sent and returned a questionnaire. Data were analysed using spss for 
Windows version 15.0 (SPSS Inc., Chicago, IL, USA). The median and IQR of the proportion 
of patients admitted between different types of service delivery were compared, and the Mann–
Whitney U-test was used to assess the association between the proportions admitted and the type 
of service delivery. Data were presented separately for adults and children.

Results of the survey

Adults
Completed questionnaires were returned from 174/250 hospitals (69.6%). Table 63 summarises 
the questionnaire responses. Nearly all hospitals had unrestricted CT access. NICE guidelines 
were followed by 147/174 hospitals (84.5%), although amendments had been made to 33/147 
(22.4%). Of the 33 hospitals that had made modifications to formal guidelines for local use, 17 
provided further details on the changes undertaken. These typically took the form of additional 
criteria (not specified in the NICE guidelines) for CT scanning, including immediate CT for any 
reduction in GCS at presentation, delayed CT for patients that make assessment difficult while 
under the influence of alcohol and drugs, considering CT for severe (persistent/prolonged) 
headache and CT indicated in patients who return to the ED within 48 hours. The admission 
location varied between hospitals, but most hospitals admitted adults under the ED staff, and 
most required approval for admission by a senior or specialist doctor.

Hospital Episode Statistics data relating to adults were available from 121 trusts. We excluded 
21 from further analysis because they either recorded that all patients were discharged, all were 
admitted, or had no admission or discharge data for over one-half of the patients. The number 
of adult cases attending the remaining 100 trusts ranged from 15 to 5630 (median 1050). The 
proportion discharged ranged from 54% to 95% (median 80%) and the proportion admitted from 
1% to 45% (median 18%).

TABLE 63 Questionnaire responses for adults

Question Response n (%)

Guidelines NICE (not specified) 12 (6.9)

NICE (2003) 7 (4.0)

NICE (2007) 128 (73.6)

Other, including SIGN 24 (13.8)

None 3 (1.7)

CT access Yes 167 (96.0)

No 6 (3.4)

Not completed 1 (0.6)

Admission location ED observation 69 (39.7)

Clinical decision unit 36 (20.7)

Formal admission 69 (39.7)

Admission team ED staff 122 (70.1)

Inpatient team 50 (28.7)

Not completed 2 (1.2)

Admission approval Any doctor 53 (30.5)

Senior doctor 94 (54.0)

Senior or specialist 11 (6.3)

Specialist 14 (8.0)

Not completed 2 (1.1)



© Queen’s Printer and Controller of HMSO 2011. This work was produced by Pandor et al. under the terms of a commissioning contract issued by the 
Secretary of State for Health.

163 Health Technology Assessment 2011; Vol. 15: No. 27DOI: 10.3310/hta15270

A total of 91 trusts that supplied usable adult HES data were matched with hospitals that had 
been sent a questionnaire, 72 of which had returned a completed questionnaire. Table 64 
summarises the tests for association between questionnaire data and proportion admitted. There 
was a slight trend towards a lower proportion being admitted at hospitals requiring formal 
admission, where admission was under an inpatient team and where admission required senior 
or specialist approval. However, the differences were small (1–2%) and none of the associations 
approached statistical significance.

Children
Completed questionnaires were returned from 181/250 hospitals (72.4%). Table 65 summarises 
the questionnaire responses. Nearly all hospitals had unrestricted CT access. NICE guidelines 
were followed by 153/181 hospitals (84.5%), although amendments had been made to 35/153 
(22.9%). Of the 35 hospitals that had made modifications to formal guidelines for local use, 20 
provided further details on the changes undertaken. Of those hospitals that had modified the 
NICE guidelines for CT scanning (n = 16) in children, amendments were generally around the 

TABLE 64 Association between admission policies for adults and proportion admitted

Subgroup n Median % admitted IQR (%) p-value

Formal admission 27 18.0 14.00 to 24.00 0.194

Observation ward or CDU 43 20.0 14.00 to 28.00

Admitted by ED staff 51 20.0 15.00 to 27.00 0.349

Admitted by inpatient team 18 18.5 13.25 to 24.00

Senior or specialist 49 19.0 14.00 to 25.00 0.964

Any doctor can admit 21 20.0 14.50 to 24.50

CDU, Clinical Decision Unit.

TABLE 65 Questionnaire responses for children

Question Response n (%)

Guidelines NICE (not specified) 6 (3.3)

NICE (2003) 7 (3.9)

NICE (2007) 140 (77.3)

Other, including SIGN 25 (13.8)

None 3 (1.7)

CT access Yes 171 (94.5)

No 9 (5.0)

Not completed 1 (0.5)

Admission location ED observation 10 (5.5)

Clinical decision unit 11 (6.1)

Formal admission 157 (86.7)

Not completed 3 (1.7)

Admission team ED staff 37 (20.4)

Inpatient team 142 (78.5)

Not completed 2 (1.1)

Admission approval Any doctor 63 (34.8)

Senior doctor 64 (35.4)

Senior or specialist 7 (3.9)

Specialist 45 (24.9)

Not completed 2 (1.1)
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timing of performing CT, i.e. immediate CT versus delayed CT. The most common features 
that were amended for local use included delaying CT in patients with amnesia (anterograde 
or retrograde) lasting > 5 minutes, and dangerous mechanism of injury or presence of bruise, 
swelling or laceration > 5 cm on head in children < 1 year of age, as opposed to immediate CT 
as indicated in the NICE guidelines. Additional criteria for considering CT scanning included 
LOC or amnesia and coagulopathy or severe (persistent) headache. Unlike adults, most hospitals 
formally admitted children under an inpatient team. Most hospitals required approval for 
admission by a senior or specialist doctor.

The HES data relating to children were available from 118 trusts. Data from 32 were excluded 
from further analysis because they recorded either that all patients were discharged or that all 
patients were admitted or because they had no admission or discharge data for over half the 
patients. The number of child cases ranged from 14 to 3202 (median 753). The proportion 
discharged ranged from 53% to 97% (median 90%) and the proportion admitted from 3% to 43% 
(median 9%).

A total of 78 trusts that supplied useable child HES data were matched with hospitals that 
had been sent a questionnaire, 64 of which had returned a completed questionnaire. Table 66 
summarises the tests for association between questionnaire data and proportion admitted. The 
trend in children was the opposite of that in adults, with slightly more being admitted at hospitals 
requiring formal admission and/or admission under an inpatient team. However, the differences 
were again small and none of the associations approached statistical significance.

TABLE 66 Association between admission policies for children and proportion admitted

Subgroup n Median % admitted IQR (%) p-value

Formal admission 54 9.5 6.00 to 12.00 0.367

Observation ward or CDU 7 7.0 4.00 to 11.00

Admitted by ED staff 14 8.5 4.00 to 11.00 0.282

Admitted by inpatient team 48 10.0 6.00 to 12.00

Senior or specialist 40 8.5 6.00 to 11.00 0.559

Any doctor can admit 22 10.5 6.50 to 12.25

CDU, Clinical Decision Unit.
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Chapter 7  

Discussion

Statement of principal findings

Diagnostic accuracy studies
Clinical decision rules
Clinical decision rules for adults have generally been more widely validated than those for 
children. The CCHR criterion26 is the most widely validated rule for adults and appears to have 
consistently high sensitivity for neurosurgical injury whether or not the high- and medium-
risk criteria or the high-risk criteria alone are used. Specificity has been sacrificed to optimise 
sensitivity, but is still adequate for a substantial proportion of patients to test negative in a typical 
population. Sensitivity of the rule for any ICI is more variable and estimates may reflect definition 
and application of the reference standard. Sensitivity of the criterion26 for any ICI may be lower 
if the definition of any ICI includes all potentially significant CT abnormalities. Other clinical 
decision rules have not been as widely tested as the CCHR and/or do not perform as well.

Clinical decision rules for children following MHI have increased in number from the eight 
identified in the recent review by Maguire et al.186 The conclusion of Maguire et al.186 that more 
research is needed has been accepted, although with new rules being derived but little validation 
there remains substantial uncertainty. Our review has identified a number of rules with 
derivation and validation data for both infants and children following MHI. Four rules have now 
been validated,30,90,91,93 three in an independent cohort.30,91,93 All four rules have high sensitivity, 
but specificity is variable. The CHALICE30 rule in particular had 87% specificity in a derivation 
cohort30 with a limited reference standard but poor specificity in the validation study.89 Currently, 
the PECARN rule90 appears to have the best specificity, but this may be because it has only been 
validated in a cohort from the same setting as the derivation cohort and not in a new setting.

Individual characteristics
Overall, it is apparent that nearly all the individual clinical features that have diagnostic value 
are useful for diagnosing ICI, rather than ruling out (i.e. they have high specificity and PLR, but 
poor sensitivity and NLR). Thus an unstructured approach to clinical evaluation would involve 
identifying positive clinical findings that raise the probability of ICI.

In adults, a depressed skull fracture, basal skull fracture, radiological skull fracture, PTS, focal 
neurological deficit, decrease in GCS or persistent vomiting all indicate a markedly increased 
risk of ICI (PLR > 5), whereas fall from a height, coagulopathy, chronic alcohol abuse, age over 
60 years, pedestrian MVA, GCS < 14, GCS < 15, any seizure, any vomiting, anterograde amnesia 
or retrograde amnesia indicate a moderately increased risk of ICI (PLR 2–5). Other features, 
such as LOC and headache, appear to add little diagnostic value. However, LOC is sometimes 
used as an inclusion criterion for studies, so its diagnostic value may be underestimated. Only 
a few studies report data specifically for neurosurgical injuries, so it is difficult to draw reliable 
conclusions; however, the diagnostic value of characteristics for neurosurgical injuries does not 
appear to differ markedly from that of characteristics for any injury.

In children, a depressed skull fracture, basal skull fracture, focal neurological deficit, 
coagulopathy or PTS all indicate a substantially increased risk of ICI (PLR > 5), whereas visual 
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symptoms, bicycle and pedestrian MVA, any seizure, any LOC, persistent vomiting, severe 
or persistent headache, anterograde/retrograde amnesia, GCS < 14, GCS < 15, intoxication 
and radiological skull fracture indicate a moderately increased risk of ICI (PLR 2–5). Other 
features, such as any headache or scalp laceration or haematoma, appear to add little diagnostic 
value. Only two studies report data for neurosurgical injuries and examined a limited range of 
characteristics. As with adults, there was no clear evidence that any characteristic had different 
diagnostic performance for neurosurgical injury as opposed to any ICI.

In infants, a depressed skull fracture or focal neurological deficit indicates a substantially 
increased risk of ICI, whereas radiological skull fracture, GCS < 15 and any LOC indicate a 
moderately increased risk.

Clinical decision rules for MHI are based on individual clinical characteristics, with the presence 
of a criterion indicating the need for CT scanning (or hospital admission prior to the widespread 
use of CT). There is substantial variation in the criteria used by each rule and it is interesting to 
examine the diagnostic value of each item, as estimated in our meta-analysis.

Most adult rules use GCS < 15, focal neurological deficit, LOC, vomiting and amnesia. Our 
meta-analysis of these individual characteristics suggested that LOC has little diagnostic value, 
although this may reflect its use as a selection criterion in many studies. The other four criteria 
were supported by our meta-analysis, although vomiting was only useful if it was persistent. 
Most rules did not specify that vomiting had to be persistent. Only around half of the rules 
specified suspected basal or depressed skull fracture, age, seizure, decreasing GCS, mechanism of 
injury or coagulopathy as criteria. Our meta-analysis suggested that these were useful criteria (or 
at least fall from a height and bicycle or pedestrian MVA were useful with regards to mechanism 
of injury). Conversely, several rules used headache as a criterion, whereas our meta-analysis 
suggested that this was of limited diagnostic value. Interestingly, this criterion also seems to 
have been added to NICE guidelines1,19 by some NHS trusts. Overall it appeared that NICE 
guidelines1,19 matched the findings of our meta-analysis very well (perhaps better than any other 
decision rule) in terms of including criteria that are diagnostically useful and excluding those 
that are not. We found little evidence to support the application of additional criteria to the 
NICE guidelines.1,19

Most rules for children use LOC, GCS < 15, skull fracture, vomiting, headache and visible injury 
as criteria. Our meta-analysis of the individual characteristics supported the use of LOC, GCS 
< 15, skull fracture, vomiting and headache (if severe or persistent), but suggested that scalp 
laceration/haematoma or an undefined headache were of little diagnostic value. Less than half 
of the rules used focal neurological deficit, amnesia or seizures as criteria, few used mechanism 
of injury and only one used coagulopathy as criteria. Yet our meta-analysis suggested that all 
these criteria were potentially diagnostically useful. Overall the CHALICE30 and NEXUS II62 
rules appeared to be most consistent with the findings of our meta-analysis, in terms of including 
criteria that are diagnostically useful and excluding those that are not.

Biomarkers
The only biomarker to be widely evaluated to date is S100B. Our meta-analysis shows that 
sensitivity has the potential to be clinically acceptable, whereas specificity could be adequate to 
significantly reduce the number of negative scans being performed. These findings are consistent 
with other non-systematic reviews on protein S100B. We identified more relevant studies than 
have previously been described and have formally assessed their quality. In general, these studies 
have been of high quality. However, there are some inconsistencies between the studies (see 
Strengths and limitation of the assessment, Clinical evaluation) in terms of timing of the sample 
and analyser used that may limit our ability to draw general conclusions.
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It is likely that S100B will need to develop a role alongside or as part of a clinical decision rule. 
Two studies were identified that specifically used S100B in conjunction with current clinical 
decision rules, with the selection of symptomatic patients based on two previously reported 
guidelines26,27 for cranial CT in one study98 and using the European Federation of Neurological 
Societies guidelines for CT in another.146 The sensitivity and specificity of a number of 
international decision rules published are better than those quoted for S100B alone, but these two 
studies provide support for an additional level of screening for intracranial abnormality.

Analysis of urine samples for elevated protein S100B has been performed in both adults and 
children as an alternative to blood sampling following head injury, although these data are not 
presented here. None of these studies has demonstrated a potential role for early urine sampling 
as a screening tool for cranial CT.187–189

As an objective tool in the management of MHI, protein S100B has a potential role in reducing 
unnecessary radiation exposure. Meta-analysis data reveal clinically significant results that 
would permit an acceptable reduction in the rate of CT scan use while still identifying those 
with intracranial trauma. Clarification is required on the optimum time following injury for 
testing (evidence currently suggests < 3 hours) and acceptance that a local discriminative value is 
necessary to ensure patient safety, dependent on which analyser and sample type is used.

Diagnostic management studies
We found only one appropriately controlled study of alternative diagnostic management 
strategies for MHI.37 It showed that early CT and discharge of patients with MHI is at least as 
effective as hospital admission and costs less. This provides empirical evidence for one of the 
assumptions behind our modelling strategy – that CT scanning is cheaper and more effective 
than hospital admission and will, therefore, dominate a direct comparison of these two 
strategies. This is why we did not use modelling to directly compare CT scanning with hospital 
admission, but instead used the modelling to explore alternative strategies that involved selecting 
patients for CT scanning using a clinical decision rule or alternative admission strategies based 
on CT findings. The main limitation of the diagnostic management study was that it could 
only reasonably compare two alternative strategies, whereas modelling allows comparison of 
multiple alternatives.

Eleven other studies (two contemporaneous cohort studies152,153 and nine uncontrolled before/
after studies)21,22,136,154–159 were identified, but not formally included in the review as they lacked 
adequate control groups. Overall, these studies showed that implementation of guidelines may 
change the management of patients with MHI, although the effects are varied and not always as 
anticipated. The changes identified may be due to inherent biases in studies with limited control 
groups and may not be generalisable to other settings.

It is perhaps surprising that there have not been more appropriately controlled studies of 
diagnostic management strategies in MHI, particularly of clinical decision rules. Accuracy 
studies may be subject to selection biases and do not show whether and how decision rules are 
put into practice by clinicians. Furthermore, it should not be assumed that an accurate clinical 
decision rule is better than an unstructured clinical assessment undertaken by a qualified and 
experienced clinician. Properly controlled management studies could determine whether or not 
the potential benefits of using clinical decision rules are realised in practice.

Economic evaluation
Economic evaluations from the perspectives of the Dutch162–164 and US162–164 health-care 
systems have concluded that selective CT use is more cost-effective than CT for all patients or 
no investigation. Our economic analysis confirmed this finding from the NHS perceptive and 
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showed that the use of CT scanning as determined by a clinical decision rule is a cost-effective 
use of NHS resources. Indeed, the substantial costs of long-term care for patients with delayed 
treatment means that using CT selectively or in all patients is not only more effective than not 
investigating, but also is cheaper. Effective care for MHIs is a cost saving.

Selective CT use according to a clinical decision rule was also cost-effective compared with CT 
for all patients. This is because the clinical decision rules we evaluated are all highly sensitive, 
so using CT for all patients resulted in a substantial increase in the number of normal CT 
scans being performed for a small benefit in terms of additional cases detected. The disbenefit 
associated with increased radiation exposure offset the benefit of detecting a few extra cases and 
the additional costs rendered the ‘CT all’ strategy more expensive than the selective strategies. 
Our conclusion that selective CT use is cost-effective compared with CT for all may not hold if 
the strategy used to select patients is not sufficiently sensitive. The base-case analysis showed that 
CT for all dominated a theoretical strategy with 91% sensitivity for neurosurgical lesion, 72% 
sensitivity for non-neurosurgical lesion and 97% specificity.

Development of a clinical decision rule with less than perfect diagnostic accuracy will inevitably 
involve a trade-off between sensitivity and specificity. Established clinical decision rules typically 
sacrifice specificity to achieve high sensitivity (98–99%). Our analysis suggests that accepting 
40–50% specificity to ensure high sensitivity provides an appropriate trade-off in terms of 
cost-effectiveness. It did not appear to be cost-effective to allow specificity to drop below 38% 
to achieve 100% sensitivity. Conversely, it did not appear to be cost-effective to allow sensitivity 
to drop below 94% to achieve 70% specificity. This has implications for the development of new 
or refined decision rules. We should continue to search for more accurate strategies, but studies 
need to be powered to show equivalent sensitivity to existing rules. This means they will need to 
recruit thousands or even tens of thousands of patients.

The most cost-effective rule for adults was the CCHR criterion26 using high- and medium-
risk factors to guide CT use. The costs and outcomes associated with each rule were broadly 
similar, so the superiority of the CCHR26 may simply reflect a small difference in the estimate 
of diagnostic accuracy that was not statistically significant in the primary data.71 Indeed, 
sensitivity analysis using different prevalence estimates for neurosurgical and non-neurosurgical 
injuries suggested that the NEXUS II rule62 was more cost-effective. However, our systematic 
review suggested that the CCHR criterion26 is the most well-validated rule and has estimates 
of diagnostic accuracy that are reasonably consistent across a number of cohorts. It therefore 
seems appropriate to conclude that the CCHR criterion26 has the best evidence to support 
its use.

The picture is less clear for children because the rules are less well validated. Our main analysis 
used estimates of diagnostic accuracy from derivation cohorts. These may overestimate 
diagnostic accuracy and the estimate of specificity from the derivation cohort of the CHALICE30 
rule is much higher than that from a validation cohort.89 The CHALICE30 rule appeared to be 
the most cost-effective rule for children in the main analysis, but this probably reflects superior 
estimates of diagnostic accuracy from a derivation cohort. A sensitivity analysis using data from 
the validation cohort89 showed that the CHALICE rule30 was dominated by the NEXUS II62 and 
UCD93 rules. However, in the PSA, the CHALICE rule30 was the dominant strategy.

Our analysis showed that admission of patients with a normal CT scan would not be cost-
effective, with an ICER of £39M per QALY compared with discharge home with a responsible 
adult. If the alternative to admission is discharge home with no responsible adult then the ICER is 
lower, at £2.5M per QALY, but would still not be considered cost-effective. This analysis is based 
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upon data suggesting a very low (0.006%) risk of deterioration167 and it is assumed that patients 
are clinically well and would not benefit from general hospital care. The conclusion that patients 
with a normal CT scan should not be admitted to hospital does not apply to those with, for 
example, repeated vomiting or significant amnesia who may benefit from symptomatic treatment, 
nursing care or a safe environment. However, if the patient is orientated, comfortable and able to 
self care then our analysis suggests that hospital admission for observation is not a cost-effective 
use of NHS resources, even if the alternative is discharge home without a responsible adult to 
observe them at home.

Hospital admission for those with a non-neurosurgical lesion on CT was cost-effective. Indeed 
it was cost saving, as the costs of long-term care for those who deteriorated and received late 
treatment outweighed the costs of hospital admission. This analysis was limited by the lack of a 
standard definition as to what constitutes a significant non-neurosurgical lesion on CT and the 
limited data relating to outcomes from non-neurosurgical lesions. The prognosis of different 
non-neurosurgical lesions varies markedly, so cost-effectiveness could potentially be improved 
by selecting those at highest risk of deterioration for admission while discharging those at lower 
risk. Currently, however, we do not have sufficient data to evaluate this approach.

A willingness-to-pay threshold of £30,000 was used to compare the cost-effectiveness of the 
strategies. However, with a lower threshold of £20,000 the results and conclusions would be 
the same.

Survey of current practice
The survey of NHS EDs showed that nearly all had unrestricted access to CT scanning (adults 
96%, children 94.5%). Most hospitals followed the NICE guidelines, although 22% had made 
their own local amendments. In adults these included immediate CT for any reduction in GCS at 
presentation and considering CT for severe (persistent/prolonged) headache. Our meta-analysis 
suggests that immediate CT for any reduction in GCS at presentation would be a reasonable 
amendment, with a PLR of 3.2 for ICI in adults, but that headache, even if severe or persistent, 
was a poor predictor of ICI.

The most common features that were amended for local use in children involved delayed instead 
of immediate CT for patients with amnesia lasting > 5 minutes and dangerous mechanism of 
injury or presence of bruising, swelling or laceration > 5 cm on heads of children < 1 year of age. 
Additional criteria for considering CT scanning included LOC or amnesia and coagulopathy or 
severe (persistent) headache. Our meta-analysis suggested that anterograde or post-traumatic 
amnesia (PTA) (PLR 3.0), dangerous mechanism of injury (2.0–4.6), LOC (2.2), coagulopathy 
(6.6) and severe or persistent headache (4.3) predicted ICI to varying degrees in children, but that 
the presence of scalp bruising or laceration was not very useful.

Adults were usually admitted to an observation ward or clinical decision unit (61.4%), whereas 
children were usually admitted to an inpatient ward (86.7%). The median proportion of 
attendances admitted was higher for adults (18%) than for children (9%). This difference may 
reflect differences in the prevalence of ICI in adults and children, or lack of a responsible adult 
to look after injured adults. It is conceivable that admissions practice could influence admission 
rates, with more accessible locations (such as observation wards or clinical decision units) 
being associated with higher admission rates. However, we found no evidence of an association 
between the proportion admitted and the admission team, location or requirement for senior 
or specialist approval (all p > 0.1). This may reflect inadequacies in current HES data. As these 
data improve there may be further opportunities to explore for associations between admission 
practices and the proportion admitted.
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Strengths and limitations of the assessment

Clinical evaluation
Decision rules
The data evaluating decision rules are strongest for adults, particularly the CCHR, which has 
been validated in a number of new cohorts and in different settings. Studies by Stein et al.,71 
Ibanez et al.60 and Smits et al.68 have compared multiple decision rules in large cohorts to provide 
powerful evidence of comparative diagnostic performance. Validation of decision rules for 
children, by contrast, is much more limited. Where validation has been undertaken it has shown 
that specificity may be much lower than estimated in the derivation cohort. This could have 
important implications if implementation of decision rules leads to increases in unnecessary 
CT scanning.

Studies of clinical decision rules have inevitable limitations. Most patients with MHI do not 
routinely receive CT scanning. Indeed the aim of developing a decision rule is to formalise the 
selection process for scanning. So, although a CT scan might be considered the ideal reference 
standard, it is unlikely to be performed on all patients if an appropriate patient spectrum is 
recruited. Studies may increase the proportion receiving CT scanning by limiting patient 
selection, but this may lead to spectrum bias. An associated limitation is that there seems to be 
inconsistency in what is considered a clinically significant intracranial abnormality on CT. If 
liberal criteria for clinical significance are used then sensitivity will be apparently reduced, but the 
addition FNs may not be clinically significant. The best way of determining clinical significance is 
to undertake follow-up studies and identify whether or not particular lesions are associated with 
an adverse outcome.

These limitations are less important with regard to neurosurgical injury, where adequate clinical 
follow-up should identify cases regardless of CT findings. The main limitation with regard 
to neurosurgical injury is the small number of cases in even very large cohorts, limiting the 
precision with which sensitivity can be estimated. The few large cohorts of minor head-injured 
patients assembled have been invaluable in providing precise estimates of sensitivity for this very 
important outcome.

Most studies of clinical decision rules have evaluated children and adults separately. However, 
within the age ranges used to define children there is substantial variation from infants at one 
extreme to adolescents at the other. This variation will be reflected in variation in ability to 
express symptoms and co-operate with examination. The limitations of attempting to develop 
a clinical decision rule for all children need to be considered when applying findings to an 
individual child.

Individual clinical characteristics
There are substantial data evaluating individual clinical characteristics in both adults and 
children. Frequently used clinical characteristics, such as LOC, headache and vomiting, have 
been widely studied, although not always clearly defined. This may be important because clinical 
characteristics appeared to be more diagnostically useful when they were clearly defined. Other 
clinical characteristics, such as decreasing GCS, visual symptoms and specific mechanisms of 
injury, have been less widely studied. We should be cautious about drawing conclusions from 
only two or three studies, particularly when the findings are inconsistent.

There was usually statistically significant heterogeneity between studies, wherever sufficient 
numbers of studies existed to allow analysis. It could be argued that it is inappropriate to 



© Queen’s Printer and Controller of HMSO 2011. This work was produced by Pandor et al. under the terms of a commissioning contract issued by the 
Secretary of State for Health.

171 Health Technology Assessment 2011; Vol. 15: No. 27DOI: 10.3310/hta15270

calculate a pooled likelihood ratio in the presence of significant heterogeneity. However, not 
reporting a pooled estimate can make interpretation difficult and reduce the clinical value of a 
systematic review. The pooled estimate should, therefore, be regarded as a very general estimate 
of the diagnostic value of a characteristic that may actually vary substantially between settings 
and populations.

Biomarkers
The results of our meta-analysis appear positive and would superficially support use of this test in 
the MHI population described. However, care must always be taken in interpreting such meta-
analysis results. These studies may appear similar, but it has been demonstrated by two groups 
that the results produced by the Liaison and Elecsys analysers are only moderately correlated 
when analysing the same samples.165,190,191 Results are not interchangeable and as concentrations 
increase the difference between the two analysers also increases, often with the Liaison giving 
higher concentration results. This would imply that the universal application of a single 
discriminative value, as suggested by the American College of Emergency Physicians (ACEP),39 
is inappropriate.

Time delay significantly influences these results. The specificity of a higher cut-off value in early 
studies, measuring concentrations later after injury, positively skews the specificity when analysed 
in this pooled format. This improvement in specificity was at the cost of sensitivity, which would 
be the more appropriate value to consider for this test in its potential role as an exclusion tool, 
although the specificity being too low would render this biomarker clinically useless in this field. 
A serum measurement within 4 hours was suggested by the ACEP report. Six of the studies 
took their samples within 3 hours and achieved a sensitivity ranging from 95% to 100% and a 
specificity of 20% to 50%, two analysing plasma concentrations on the Liaison, two analysing sera 
on the Liaison and two analysing sera on the Elecsys.

Diagnostic management studies
The single RCT identified by our review provides powerful evidence that CT scanning is more 
clinically effective and cost-effective than hospital admission for MHI. However, it can only 
compare two alternatives and does not estimate the clinical effectiveness or cost-effectiveness 
of selective strategies based on a decision rule. The other studies mentioned, but not formally 
included in the review, have clear methodological limitations described in the relevant section 
and should not be used to draw general conclusions.

Economic evaluation
The economic analysis used current best practice to develop the model and followed 
recommendations produced by NICE.182 We included aspects of intervention, such as the benefits 
of treating non-neurosurgical intracranial lesions and the disbenefit associated with radiation 
exposure, that have not always been included in previous models. However, economic models 
are inevitably limited by the need to make assumptions in developing the model and by the 
limitations of the primary data.

Estimating the benefit of treating neurosurgical and non-neurosurgical lesions was inevitably 
difficult and relied upon observational data with small numbers. Experienced neurosurgeons 
and emergency physicians checked our estimates and felt that they were appropriate, but it is 
almost impossible to determine whether they are accurate. In particular, the probabilities of GOS 
2 or 3 are subject to substantial uncertainty and have a potentially powerful effect upon cost-
effectiveness. The expectation that delayed treatment will increase the probability of GOS 2 or 3 
seems intuitively reasonable, but is very difficult to prove empirically.
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As discussed previously, the potential benefit of treating non-neurosurgical intracranial lesions 
is uncertain and probably dependent on the definition used. We assumed that benefit was related 
to the risk of subsequent deterioration. However, this risk will depend upon the type and extent 
of injury. Conversely, we assumed that hospital admission and treatment provided no benefit 
for patients with a non-neurosurgical lesion that did not deteriorate or those with a normal CT 
scan. This was based upon our literature search finding no clear evidence of benefit. However, 
absence of evidence of benefit does not equate to evidence of absence of benefit. Further research 
would be helpful to determine whether early intervention helps to reduce persistent symptoms in 
patients with non-neurosurgical lesions or even those with normal CT scans.

Limitations of the primary data were particularly important in children, in whom there has 
been very little validation of clinical decision rules. The cost-effectiveness of each decision rule 
was determined by its diagnostic parameters, yet these (especially specificity) varied between 
the derivation data and (admittedly very limited) validation data. The conclusions regarding the 
optimal decision rule for children are, therefore, much less clear than for adults.

There were insufficient data for us to model strategies for specific patient groups, such as those 
receiving anticoagulant medication. These patients represent an increasing group with MHI. They 
have a higher risk of ICI and have a higher risk of adverse outcome, but the potential benefits of 
neurosurgery are less certain. Development of a specific model for these patients may be helpful 
when better data are available.

The model assumed that patients in GOS states maintained the associated utility throughout 
the modelling horizon. This could mean that those in GOS 5 have a higher utility than the 
average person of that age. This limitation, however, is expected to have little bias as the effects of 
discounting will mean any inaccuracies are small, but would favour those policies that provided 
treatment more promptly.

Finally, a potential limitation is the method used to estimate QALY loss in adults owing to the 
risk of cancer from performing a CT scan. This limitation, however, is expected to have little 
effect as any inaccuracies around the QALY loss are likely to be small, but would favour those 
policies that perform fewer CT scans.

Survey of current practice
Most of the hospitals surveyed (70%) responded, ensuring that the survey was reasonably 
representative of NHS practice. However, it is possible that hospitals that did not follow 
the guidelines or lacked a lead clinician with interest in management of MHI were under-
represented. Furthermore, the survey could only determine what the respondent thought was 
supposed to happened, not what actually happened in practice. In particular, the estimate of 
CT availability may be an overestimate and the survey may be a poor reflection of what actually 
happens out of normal working hours.

The HES data were limited and often poor quality, so the absence of any association between 
reported practice and proportion of patients admitted may reflect data quality rather than 
absence of any such association. This was the first year that such data were available from HES, 
so, hopefully, data quality will improve as more hospitals record and report their ED data. 
We would have liked to use the survey and HES data to explore whether or not differences in 
admissions practice could be explained by characteristics of the hospitals, but unfortunately the 
data were inadequate for this purpose.
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Uncertainties

The main uncertainties identified in this report are:

 ■ How do clinical decision rules for children perform outside their derivation setting?
 ■ What is the prognosis of different non-neurosurgical injuries?
 ■ Does S100B provide useful diagnostic information when used alongside clinical decision rules?
 ■ How do diagnosis and outcomes of MHI in anticoagulated patients differ from the 

general population?
 ■ What is the clinical effect (and cost-effectiveness) of implementing guidelines, decision rules 

and diagnostic management strategies?

Clinical decision rules for children have only received very limited validation. Where this has 
occurred it has raised concerns about the specificity of the rules. Our analysis suggests that 
optimising sensitivity is more important than optimising specificity. However, if specificity is too 
low then the radiation exposure and costs associated with normal CT scanning will reduce cost-
effectiveness. Evaluation of clinical decision rules for children (CHALICE,30 PECARN,90 UCD93 
and NEXUS II62) in a large representative cohort presenting to the ED with MHI would provide 
valuable validation and more reliable estimates of diagnostic accuracy for ICI. Planning such a 
study will require careful consideration of inclusion criteria, reference standard and outcome 
definition. It will need to be very large to provide precise estimates of sensitivity.

Our economic model was limited by uncertainties surrounding the benefit of treatment for 
patients with non-neurosurgical injury. Benefits are clearly likely for patients who deteriorate if 
their deterioration can be predicted, prevented or treated. Research is required to better estimate 
the risk of deterioration with different non-neurosurgical injuries and the benefit of different 
treatments for these injuries. This research would be helpful for determining the definition of a 
clinically significant injury on CT and, thus, defining the important outcomes for future studies 
of decision rules. Research is also required to determine what benefits, if any, patients with 
non-neurosurgical injury can gain from treatment even if they do not deteriorate. These patients 
often have significant and persistent symptoms, yet we were unable to find any strong evidence of 
treatment benefit.

Our meta-analysis suggested that S100B might have a role in ruling out ICI and reducing CT 
use. It is unlikely to be cost-effective when used as a single test because clinical decision rules 
can already reduce CT use without compromising sensitivity excessively and without incurring 
significant additional costs. However, S100B may have a role in further reducing CT use after 
application of (or as part of) a clinical decision rule. Defining this role would require evaluation 
of S100B alongside a widely used and well-validated clinical decision rule in a representative 
cohort of patients with MHI. This cohort would need to be large enough to estimate sensitivity 
with a high degree of precision.

An increasing number of patients with MHI have been prescribed anticoagulants to reduce their 
thromboembolic risk. We found that coagulopathy was associated with an increased likelihood of 
ICI. Beyond this finding there was very little research into the value of clinical assessment, use of 
diagnostic tests and outcome of MHI in this patient group. Research is required to determine the 
diagnostic accuracy of clinical characteristics, decision rules and biomarkers in patients receiving 
anticoagulants, the prognosis associated with different CT appearances (including normal) and 
the risks and benefits of different approaches to treatment, including reversal of anticoagulation 
and neurosurgery.
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We found only one acceptable quality study evaluating the implementation of alternative 
strategies for managing MHI.37 We identified a number of studies that did not meet our inclusion 
criteria and were only able to draw limited conclusions. Implementation studies are challenging 
to undertake, but can provide valuable insights and powerful evidence of the real-practice effects 
of management strategies. The implementation of NICE head injury guidance may not have had 
the anticipated effect of reducing hospital admissions.24 This may be owing to cautious framing or 
interpretation of guidance. Studies of guideline implementation would provide valuable insights 
into their intended and unintended consequences. Furthermore, there have been no studies 
comparing structured clinical care following guidelines, decision rules or diagnostic strategies to 
unstructured care based on clinician assessment of the individual patient.

Assessment of factors relevant to the NHS and other parties

Management of MHI in the NHS is subject to guidance issued by NICE in 200319 and was 
updated in 2007.1 Our national survey found that most NHS EDs follow NICE guidance, albeit 
with some local modifications. A previous analysis of HES admissions data suggested that head 
injury admissions had increased following the introduction of NICE guidance and questioned 
whether or not this represented cost-effective care.24 Our analyses, and in particular the economic 
analysis, generally support the guidance provided by NICE,1 although the implementation of 
NICE guidance in practice has not yet been subject to a detailed evaluation.

Selection of patients for CT scanning in the NICE guidance for adults is based on the CCHR 
criterion.26 We found that the criteria for CT scanning are supported by meta-analysis showing 
that these criteria are all useful predictors of ICI. The CCHR criterion26 is the most widely 
validated decision rule, with high sensitivity and acceptable specificity for ICI, and appears to be 
the most cost-effective strategy.

The NICE criteria for CT scanning for children generally correspond to the features that were 
found to be most useful in our meta-analysis, although there were a few exceptions. Our meta-
analysis suggested that severe or persistent headache and coagulopathy may be useful additional 
criteria. The NICE criteria1 were based on the CHALICE rule30 and an economic analysis using 
derivation cohort data, which suggested that this was the optimal strategy. However, analysis 
based on validation data89 suggested that the CHALICE rule30 was dominated by the NEXUS II62 
and UCD93 rules. Further research is required to determine the diagnostic parameters of these 
rules in large validation studies, which could then be used to refine our model.

The NICE guidelines1 suggest that patients with new clinically significant abnormalities on 
imaging should be admitted. Our economic analysis suggests that admission for patients with 
non-neurosurgical injury is not only cost-effective, but also cost saving. However, further 
research is required to determine which non-neurosurgical injuries are clinically significant, thus 
refining admissions policies.

The NICE guidance1 states that with ‘Normal imaging of the head: clinician may conclude risk 
is low enough to allow discharge if patient has returned to GCS 15, no other factors warrant 
admission and there are appropriate support structures for safe transfer and subsequent care’. 
Our economic analysis suggested that admission for patients with a normal CT scan represents 
very poor value for money for the health service, assuming that admission is to observe for 
deterioration rather than provide symptom control or general care. The results of this analysis 
would support a clear statement in clinical guidance that hospital admission is not recommended 
for those with a normal CT scan unless they are unable to self-care or require treatment 
of symptoms.
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Chapter 8  

Conclusions

Implications for service provision

The CCHR is the most well-validated rule in adults and, when high- and medium-risk criteria 
are used, has high sensitivity and acceptable specificity. The CCHR and related NICE guideline 
are based upon the clinical characteristics that our meta-analysis suggests are the most powerful 
predictors of ICI. The use of headache as an additional criterion for CT scanning (as used in 
some hospitals) was not supported by our meta-analysis. Decision rules for children have not 
been widely validated, so conclusions are less clear. Three rules have been validated in a different 
setting from the derivation cohort and one in the same setting. Specificity appears to be worse in 
validation cohorts. The CHALICE and NEXUS II rules appeared to be based on characteristics 
that our meta-analysis suggested were the most powerful predictors of ICI.

Our economic analysis confirms that the recent extension of access to CT scanning for MHI 
is appropriate. Liberal use of CT scanning based on a high-sensitivity decision rule is not 
only effective, but also a cost saving. The cost of CT scanning is very small compared with the 
estimated cost of caring for patients with brain injury worsened by delayed treatment. The 
analysis supports the view that all hospitals receiving patients with MHI should have unrestricted 
access to CT scanning. Our survey suggests that this is achieved by around 95% of NHS EDs.

High-sensitivity clinical decision rules that selected patients for CT were more cost-effective than 
CT for all. We found that the CCHR (high or medium criteria) was the optimal rule for adults. 
The optimal rule for children was less certain, with either the CHALICE or NEXUS II rules 
appearing optimal, but based on very limited validation data. Attempts to improve the specificity 
of decision rules for MHI would be worthwhile, but must not compromise sensitivity. Although 
promising, there is currently insufficient evidence to recommend the use of S100B and other 
biomarkers for patients with MHI outside appropriately designed and powered research studies.

Hospital admission appears to be cost-effective for patients with an intracranial lesion on CT 
scanning, but not for those with a normal CT. It might be hoped that more liberal CT use would 
lead to less need for hospital admission, but this does not seem to be the case. The reasons for 
this are not clear and routine data sources are not yet sufficient to allow detailed investigation 
of admission rates and associations with different methods of service delivery. However, there is 
clearly potential for more cost-effective practice in relation to hospital admission for MHI and 
further research in this area could represent a worthwhile investment for the NHS. Moreover, 
not all intracranial lesions are likely to benefit from hospital admission and research is needed to 
identify those that do.
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Suggested research priorities

The main research priorities suggested by this report are:

1. Evaluation of the diagnostic accuracy for clinically significant ICI of the CHALICE,30 
PECARN,90 NEXUS II62 and UCD93 decision rules for children in a large representative 
cohort presenting to the ED with MHI.

2. Evaluation of the effects (and cost-effectiveness) of implementing guidelines, decision rules 
and diagnostic management strategies, including comparison to unstructured clinical care.

3. Evaluation of the outcomes of intracranial injuries identified on CT that do not require 
immediate neurosurgery, in terms of risk of subsequent deterioration leading to 
neurosurgical or critical care intervention, persistent symptoms, return to normal activities 
and QoL. This could involve development of definitions of what constitutes clinically 
significant injury and adverse outcome.

4. Evaluation of the diagnostic accuracy of S100B alongside validated clinical decision rules to 
determine whether it can improve decision rule specificity without compromising specificity.

5. Evaluation of the diagnostic performance of clinical characteristics, decision rules and 
biomarkers, along with the prognostic value of a normal CT scan and outcomes of MHI in 
anticoagulated patients.

These research priorities mostly require a large patient cohort and thus substantial funding. 
Where possible attempts should be made to address multiple objectives in the same cohort, i.e. 
data and blood samples should be collected to allow comparison of all potentially worthwhile 
decision rules and biomarkers. Decision rules for adults are reasonably accurate, well validated 
and cost-effective, so any research to further develop or refine diagnostic strategies for adults 
may benefit from expected value of sample information analysis using our model to determine 
whether the benefits of further research justify the costs.
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