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Abstract

Objective—To improve the efficiency and appropriateness of CT use in children with minor 

head trauma, clinical prediction rules were derived and validated by the Pediatric Emergency Care 

Applied Research Network (PECARN). The objective of this study was to conduct a cost-

effectiveness analysis comparing the PECARN traumatic brain injury (TBI) prediction rules to 

usual care for selective CT use.

Methods—We used decision analytic modelling to project the outcomes, costs, and the cost-

effectiveness of applying the PECARN rules compared with usual care in a hypothetical cohort of 

1,000 children with minor blunt head trauma. Clinical management was directed by level of risk as 

specified by the presence or absence of variables in the PECARN TBI prediction rules. Immediate 

costs of care (diagnostic testing, treatment [not including clinician time], and hospital stay) were 

derived on single center data. Quality-adjusted life year (QALY) losses related to the sequelae of 

clinically important TBI (ciTBI) and to radiation-induced cancers, number of CT scans, radiation-

induced cancers, missed ciTBI, and total costs were evaluated.

Results—Compared to the usual care strategy, the PECARN strategy was projected to miss 

slightly more children with ciTBIs (0.26 vs. 0.02 per 1000 children), but used fewer cranial CT 

scans (274 vs. 353), resulted in fewer radiation-induced cancers (0.34 vs. 0.45), cost less 
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($904,940 vs. $954,420), and had lower net QALY loss (−4.64 vs. −5.79). Because the PECARN 

strategy was more effective (less QALY loss) and less costly, it dominated the usual care strategy. 

Results were robust under sensitivity analyses.

Conclusion—Application of the PECARN TBI prediction rules for children with minor head 

trauma would lead to beneficial outcomes and more cost-effective care.

Background

The use of computed tomography (CT) in children has doubled over the last two decades, 

from 10.6 CTs per 1000 children in 1996 to 21.5 CTs per 1000 children in 2010.1 

(Miglioretti DL, personal communication) Ionizing radiation is particularly worrisome in 

children; it is estimated that 1 in 1000 to 1 in 5000 cranial CT scans result in a later lethal 

cancer, with highest risks for younger children.2–4 To improve the efficiency and 

appropriateness of CT use in children with minor head trauma, clinical prediction rules were 

derived and validated by the Pediatric Emergency Care Applied Research Network 

(PECARN) to help clinicians with CT decision-making.5 The PECARN traumatic brain 

injury (TBI) prediction rules (one for children younger than 2 years, and the other for those 

2 years and older) categorize the risk of clinically-important TBI (ciTBI) as high, 

intermediate, and low based on six clinical characteristics; ciTBI is defined as TBI on CT 

leading to intubation for more than 24 hours, hospital admission of 2 nights or more in 

association with a positive CT, need for neurosurgery, or death from TBI. If children in the 

low-risk category in the PECARN rules were to forego CT, without any other changes in 

practice, it is estimated that pediatric CT use for minor head trauma would decrease by 20–

25% while rarely missing a child with ciTBI.5

Importance

The tradeoff between long term adverse effects of CT, the potential consequences of missed 

ciTBI, and the potential impact on health care costs has not been formally evaluated. Given 

the very long time horizon required to evaluate the potential consequences of radiation-

induced cancers, we used decision modeling to compare the outcomes and costs of usual 

care to the outcomes and costs of application of the PECARN rules for the emergency care 

of children presenting with minor head trauma. Within the realm of cost-effectiveness 

analyses in health care, decision analytic models are a complementary tool to assess the 

relative efficiency of alternative management strategies under conditions of uncertainty. 

They are a necessary and valid component of assessing the tradeoffs between costs and 

benefits of different strategies as they bring costs, outcomes, probabilities and assumptions 

from multiple sources together.

Goals of This Investigation

We hypothesized that compared to usual care, implementation of the PECARN rules would 

result in overall higher quality of life and would be a cost-effective strategy.
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METHODS

Study Design

We used decision analytic modelling to project the outcomes, costs, and the cost-

effectiveness of applying the PECARN TBI prediction rules for selective CT use compared 

with usual care in a hypothetical cohort of 1,000 children (younger than 18 years old) with 

minor blunt head trauma (defined as a Glasgow Coma Scale (GCS) scores of 14–15 at 

emergency department [ED] presentation). The characteristics of this cohort were based on 

the PECARN TBI public use dataset.5 We included all children younger than 18 years, by 

combining the two PECARN age-specific rules, as they each consist of 6 variables and are 

applied in a similar fashion. We used a societal perspective over a lifetime horizon from 

which all outcomes were projected. Mean life expectancy was derived from US Vital 

Statistics life tables.6

A simplified schematic of the decision model is presented in Figure 1. In the base case 

analysis of the PECARN strategy, clinical management was directed by level of risk as 

specified by the presence or absence of variables in the PECARN TBI prediction rules 

(eTable 1). High-risk children (who had a 4.4% risk of ciTBI in the PECARN study) were 

modelled to all receive an immediate ED cranial CT scan while all low-risk children (0.04% 

risk of ciTBI in the PECARN study) were modelled to not receive a CT scan and were 

discharged home from the ED. Intermediate-risk children (0.9% risk of ciTBI in the 

PECARN study) were modelled to receive either an immediate ED CT scan (in the presence 

of 2 or more PECARN intermediate risk variables, 2.1% risk of ciTBI) or ED observation 

before further decision-making (in the presence of a single PECARN intermediate risk 

variable, 0.6% risk of ciTBI). The management of children with minor head trauma in the 

PECARN data (by clinicians not applying the PECARN rules) defined the usual care 

strategy. Children who were modelled to receive a CT scan were categorized into outcomes 

of ciTBI, TBI on CT (but not clinically important), or normal based on previously published 

definitions (eTable 2).5 For both strategies, children who did not receive an initial ED CT 

scan but who were subsequently diagnosed with a ciTBI were considered to have a missed 

ciTBI. The decision model was programmed in TreeAge Pro 2011 (TreeAge Software, Inc., 

Williamstown, MA).

Model Assumptions

We assumed cranial CT imaging was 100% sensitive and specific to detect TBI. Cranial CT 

is considered the criterion standard to detect TBI in children with minor head trauma and it 

is rare (less than 0.1%) for children with a normal cranial CT to be subsequently diagnosed 

with TBI.7 Prior cost-effectiveness studies have taken a similar approach of assuming that 

CT scanning has perfect test characteristics in identifying intracranial lesions requiring 

neurosurgical interventions.8,9 We assumed patients without an initial cranial CT in the ED 

are discharged home. This assumption is consistent with standard management of children 

with minor head trauma. In the PECARN dataset, in children with isolated head trauma, less 

than 0.2% of hospitalized children did not receive an initial cranial CT in the ED. We also 

assumed all patients with an abnormal CT scan (ciTBI or TBI) were admitted to the hospital. 
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In the PECARN dataset, over 90% of children with abnormal CT scans were admitted to the 

hospital.

Probabilities

We derived probabilities conditional on children’s true disease status (ciTBI, TBI on CT, or 

normal) from PECARN study data (combined derivation and validation cohorts in both age 

groups; data collected from June 2004 to September 2006).5 Probabilities for the usual care 

cohort represent proportions observed in the PECARN study. For the PECARN prediction 

rules cohort, we derived the probabilities for each branch after applying the clinical 

prediction rules to the PECARN study population in a manner depicted in Figure 1, with the 

results shown in Table 1. We based the probability of future radiation-induced cancer caused 

by a single cranial CT scan on age-stratum-specific estimates of study population (eTable 

3).2,4,10

Outcomes

The primary outcome was expressed as quality-adjusted life year (QALY) losses related to 

the sequelae of ciTBI and to radiation-induced cancers.11 Additional outcomes included: 

number of CT scans, radiation-induced cancers, missed ciTBIs, and total costs. Mean QALY 

losses from head injury were derived from probabilities and utility weights mapped to a 

pediatric global functional performance after TBI scale (six-month Glasgow Outcome Scale-

extended Pediatrics [GOS-E Peds]) and estimated for five groups of patients (ciTBI [with 

and without neurosurgery], TBI on CT, normal CT, and missed ciTBI) within the model. 

Utility weights were based on prior literature while probabilities of functional outcomes 

were derived from an institutional TBI database (eTable 4 and 5).12,13

Lifetime radiation-induced cancer QALY loss, derived from age-stratum-specific estimates 

and discounted at 3% per year, was 10.42 QALYs per cancer in the base case (eTable 

3).2,4,10

Costs

Immediate costs of care (diagnostic testing, treatment, and hospital stay) were derived from 

the financial department at the study site and represent estimated institutional resource use. 

Costs for clinician time were not included. We assigned costs to individual units of 

resources used (eTable 6). Costs of future radiation-induced cancers from a single current-

generation cranial CT scan were based on work by Kutikova et al.14 All costs were 

discounted at 3%; for radiation-induced cancers, the latency period was estimated at 30 

years.10 We calculated the total costs for each of the six primary branches (categorized by 

CT use, hospitalization, and disease status) in the decision tree by summing the estimated 

resource use (Table 2). Indirect costs such as time lost from work were not included.

Net Benefit

We assessed the value of applying the PECARN strategy (compared to the usual care 

strategy) using an incremental net monetary benefit (NMB) framework. The NMB 

framework combines the incremental cost and benefit of a utility into a single measure. The 

benefit of a utility was converted into a dollar value using willingness to pay (WTP) per 
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QALY. We used a commonly accepted WTP threshold of $50,000 per QALY in the base 

case analysis.15–17 In sensitivity analyses, however, we tested a range of WTP from $30,000 

per QALY to $100,000 per QALY. The formula for the NMB calculation was as follows:

The NMB approach avoids ambiguity and difficulties that may arise in computing the 

incremental cost-effectiveness ratios, especially when negative incremental costs and/or 

negative incremental utility values are involved in the analyses. A positive NMB value 

indicates that the PECARN strategy is more cost-effective than the usual care strategy (i.e., 

the PECARN rules dominates usual care), whereas a negative NMB value indicates the 

opposite.

Sensitivity Analyses

To evaluate the uncertainty of the model projections, we conducted three different types of 

sensitivity analyses. First, model parameter uncertainty was addressed through probabilistic 

sensitivity analysis. We assigned beta distributions (best fit for binomial data) to all 

probability parameters, based on the point estimates and their 95% confidence intervals 

derived from the PECARN data. In each of the 3,000 iterations of the simulation we 

conducted, the value of an input parameter was sampled from a specified distribution. We 

assigned gamma distributions to decreased QALYs, with lower and upper bounds of 0 and 

1, respectively, and log-normal distributions to the aggregated cost of each endpoint. 

Simulation findings were presented as a cost-effectiveness scatter plot.

Second, we used univariate (i.e., one way) sensitivity analyses to assess the generalizability 

of the model output. Univariate sensitivity analysis complements probabilistic sensitivity 

analysis by evaluating the effect on model projections of varying one input parameter at a 

time across a plausible range. For example, because the PECARN data were derived from 

pediatric hospitals staffed primarily by pediatric emergency medicine fellowship trained 

physicians, the assumed distributions for sensitivity and specificity of physician’s diagnostic 

accuracy may not be reflective of practices in other settings with different practitioners. We 

varied possible probability and cost parameters by up to 20% of their base case values, 

utility values to lower and upper limits of their 95% confidence intervals, duration of 

decreased quality-adjusted life years from 3 months to 2 years, and WTP from $30,000 to 

$100,000 per QALY.

Finally, we used threshold analysis to determine the values of key parameters at which the 

NMB became zero. A NMB of zero means that the PECARN rules are no better than the 

usual care strategy at the threshold of $50,000 per QALY. We evaluated clinical parameters 

(e.g., lifetime risk of radiation-induced malignancy) as well as potential practice deviations. 

For example, in the base case model, we assumed that children with no PECARN TBI 

prediction rules criteria present (i.e., very low risk patients) would not receive a CT scan. In 

real practice, however, a child may receive a CT scan even if his/her risk of ciTBI is 

identified by the clinical prediction rules as very low. To evaluate clinical practice variation, 

Nishijima et al. Page 5

Ann Emerg Med. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



a proportion of very low risk children were assigned to receive cranial CT scans (the dotted 

line in Figure 1).

RESULTS

Base Case Analysis

The results of the base case analysis for a cohort of 1,000 children with minor head trauma 

are shown in Table 3. Compared to the usual care strategy, the PECARN strategy was 

projected to miss more children with ciTBIs (0.26 vs. 0.02 per 1000 children [approximately 

one child per 4000 children with minor head trauma]), but used fewer cranial CT scans (274 

vs. 353), resulted in fewer radiation-induced cancers (0.34 to 0.45 [approximiately one child 

per 9000 children with minor head trauma]) cost less ($904,940 vs. $954,420), and had 

lower net QALY loss (−4.64 vs. −5.79). Because the PECARN strategy was more effective 

(less QALY loss) and less costly, it dominated the usual care strategy.

Sensitivity Analysis

Probabilistic sensitivity analysis confirmed that the base case results were robust to variation 

in input parameters. In all 3,000 simulation iterations in the probabilistic sensitivity analysis, 

the PECARN strategy was more effective (less QALY loss) and less expensive (and thus 

dominant) than the usual care strategy (eFigure 1).

A tornado diagram (bar chart in which data are ordered vertically with the largest bar 

indicated the largest effect appearing at the top of the chart, the second largest appearing 

second from the top, and so on) stratified by parameter type is shown in Figure 2. Among 

the probability parameters, the NMB was most sensitive to change in probabilities of 

patients without TBI receiving immediate CT scans in the usual care strategy, followed by 

the lifetime risk of radiation-induced cancer. The NMB was also very sensitive to changes in 

the likelihood of normal patients being categorized into risk groups that suggested the need 

of CT (high risk group, and subgroup of 2 or more variables within the intermediate risk). 

The most influential cost inputs were ICU stay, cranial CT scan, and boarding cost on the 

floor. The most sensitive utility parameter was the QALY loss for radiation-induced cancer. 

The change of WTP to $30,000 per QALY would reduce the NMB by approximately 20%, 

whereas increasing WTP to $100,000 per QALY more than doubled the NMB. Finally, 

results of the threshold analysis demonstrated that key clinical parameters and variation in 

practice would have to be substantially changed to alter the results of the base case analysis 

(Table 4). For example, in the usual care strategy in the base case scenario, 33.8% of 

children with minor head trauma and no ciTBI or TBI received a cranial CT scan. The 

PECARN strategy is more cost-effective than the usual care strategy until the CT scan rate 

in the usual care strategy decreases to 26.0%.

LIMITATIONS

Our results should be interpreted in the context of certain limitations. The use of cost data 

from a single center might limit the generalizability to those in different settings (e.g., non-

Level 1 trauma centers) or geographic locations, and clinician costs were not included. We 

explored the possibility of using national cost data from the Health Costs and Utilization 
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Project, however, data limitations, including the lack of costs for non-hospitalized patients 

and the unreliability of reported CT imaging, prevented its use.18 Nevertheless, our results 

were robust with the same cost data being applied to both strategies as well as the use of 

sensitivity analyses with varying cost inputs (Figure 2).

Our model was designed to evaluate the implementation of the PECARN TBI prediction 

rules to all children with minor head trauma. We did not evaluate the cost-effectiveness 

across specific subgroups (such as patient age); it is therefore possible that the results may 

have varied between subgroups.

Real-world implementation of the PECARN TBI prediction rules strategy may produce 

different probabilities than those assigned in our model. For example, clinicians may obtain 

cranial CT scans in some patients who are very low risk by the PECARN rules. While we 

conducted a sensitivity analysis on this particular model assumption, we could not evaluate 

all potential differences in probabilities between our base case model and the possible 

variations in PECARN rule implementation in the real-world.

While the PECARN prediction rules were derived and independently validated in a diverse 

and large patient population (over 42,000 children with minor head trauma at more than 20 

sites) allowing sufficient statistical power to generate robust and generalizable rules,19,20 it 

is possible that the rules may perform differently in other settings and by other practitioners, 

such as in non-academic centers and non-pediatric emergency medicine practitioners.21 

However, our sensitivity analyses demonstrated that the accuracy of the PECARN rules and 

usual care strategies would have to be substantially lower to alter the results of the base case 

model. Furthermore, the clinical prediction rules were derived at children’s referral centers 

where clinicians are very experienced in the care of injured children (see eTable 8 for CT 

use by PECARN risk categories). The PECARN rules are likely to be more helpful to 

clinicians less experienced evaluating injured children.22,23

In addition to the PECARN rules, a recent systematic review identified two other high 

quality clinical prediction rules for the evaluation of children with minor head trauma: 

CATCH (Canadian Assessment of Tomography for Childhood Head Injury) and CHALICE 

(Children’s Head Injury Algorithm for the Prediction of Important Clinical Events).24–26 All 

were derived with high methodological standards but the PECARN rules are validated,24 

and was recently cited as one of the 5 pediatric priorities in the “Choosing Wisely” 

campaign.27

DISCUSSION

Our cost-effectiveness analysis for the evaluation of children with minor head trauma 

projected that implementation of the PECARN prediction rules was associated with less 

frequent cranial CT use, fewer radiation-induced cancers, lower total costs, and lower total 

QALY loss compared to a strategy based on usual care. In our model, the PECARN strategy 

was dominant – it was more effective (less total QALY loss) and less costly than the usual 

care strategy. These results were robust under a number of sensitivity analyses.
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Cost-effectiveness analyses using decision models should serve as tools for clinicians and 

policy makers to aid in decision making rather than as unconditional or conclusive results.28 

Models are highly dependent on assumptions and the various inputs and should be 

continually assessed against new data.

Nevertheless, our findings highlight the importance of improving appropriate CT use, 

particularly for children. Clinical prediction rules may improve appropriate use and decrease 

costs; an estimated 1 million children are unnecessarily imaged with CT scans each year in 

the US.2 Children are at greater risk for radiation-induced cancers than adults from a given 

radiation dose because they are inherently more radiosensitive and they have more 

remaining years of life during which a radiation-induced cancer could develop.2 The risk of 

radiation-induced cancer for an infant receiving a single cranial CT scan is more than four 

times than that of an adult.10

From a public health perspective, unnecessary CT imaging leads to a substantial burden of 

disease, with associated costs to society. Based on estimates of the frequency of blunt head 

trauma in children, implementation of the PECARN TBI prediction rule strategy instead of 

usual care could prevent 60 radiation-induced cancers in children annually in the US.29 

From an economic standpoint, implementation would reduce US hospital expenditures 

annually by approximately $27 million in the US.29

The potential downside of less frequent CT use by employing the PECARN strategy is the 

potential for clinicians to fail to identify some children with ciTBIs. This risk, however, is 

extremely small, projected as one additional missed ciTBI for every 4000 children evaluated 

for minor head trauma. This is consistent with the only other study we identified that 

described outcomes for children with missed TBIs.30 In that population-based study, the 

proportion of children with minor head trauma whose TBIs were initially missed was less 

than 1 per 100,000.30

In conclusion, compared to usual care, implementation of the PECARN TBI prediction rules 

in the evaluation of children with minor head trauma was projected to reduce total 

healthcare costs, lower cranial CT use, result in fewer radiation-induced cancers and lead to 

higher net QALYs and thus was the dominant strategy. These results were robust across a 

variety of sensitivity analyses and suggest that widespread application of the PECARN TBI 

prediction rules for children with minor head trauma would lead to beneficial outcomes and 

more cost-effective care.
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Figure 1. 
Model Schematic

Abbreviations: CT, computed tomography; TBI, traumatic brain injury; ciTBI, clinically 

important TBI; GOS-E, extended Glasgow outcome score (see eTables 4 and 5)

Gray rounded rectangles share the same structure with the module denoted ‘CT subtree’.
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Figure 2. 
One-way sensitivity analysis: Tornado diagram a

Abbreviations: CT, computed tomography, ICU, intensive care unit; TBI, traumatic brain 

injury; ciTBI, clinically important traumatic brain injury; QALY, quality adjusted life year
a The solid and dashed lines represent the change of NMB when a parameter increases or 

decreases from its basecase value, respectively. The probability and cost parameters 

resulting in less than 3% and 1% change in net benefit, respectively, are not shown.
b - Parameter names with 3 parts separated by comma are conditional probabilities. The first 

part is the event, the second part is the injury status (including normal [i.e., not ciTBI or 

TBI], TBI, or ciTBI) which the event is conditional on, and the third part is the strategy 

(PECARN rules vs. usual care) in which the event is concerned. For example, ‘% CT scan, 

normal, usual care’ indicates the chance of receiving CT scan in the usual care strategy 

given the patient does not have TBI or ciTBI (i.e., normal).
c - Net monetary benefit (NMB) below $90,000 or above $120,000 is not shown. NMB for 

‘% CT scan, normal, usual care’ varies from $34,154 to $180,333; NMB for ‘lifetime risk of 

radiation-induced malignancy’ varies from $77,359 to $141,254; NMB for ‘% high risk 

patients, normal, PECARN’ varies from $76,170 to $136,929; NMB for ‘% intermediate 

risk patients, normal, PECARN’ varies from $82,173 to $131,831; NMB for ‘willingness to 

pay’ varies from $83,984 to $221,984.
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