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Abstract

OBJECTIVE: Limited evidence exists on the utility of repeat neuroimaging in children with 

mild traumatic brain injuries (mTBIs) and intracranial injuries (ICIs). Here, the authors identified 

factors associated with repeat neuroimaging and predictors of hemorrhage progression and/or 

neurosurgical intervention.

METHODS: The authors performed a multicenter, retrospective cohort study of children at 

four centers of the Pediatric TBI Research Consortium. All patients were ≤ 18 years and 

presented within 24 hours of injury with a Glasgow Coma Scale score of 13–15 and evidence 

of ICI on neuroimaging. The outcomes of interest were 1) whether patients underwent repeat 

neuroimaging during index admission, and 2) a composite outcome of progression of previously 

identified hemorrhage ≥ 25% and/or repeat imaging as an indication for subsequent neurosurgical 

intervention. The authors performed multivariable logistic regression and report odds ratios and 

95% confidence intervals.

RESULTS: A total of 1324 patients met inclusion criteria; 41.3% of patients underwent repeat 

imaging. Repeat imaging was associated with clinical change in 4.8% of patients; the remainder of 

the imaging tests were for routine surveillance (90.9%) or of unclear prompting (4.4%). In 2.6% 

of patients, repeat imaging findings were reported as an indication for neurosurgical intervention. 

While many factors were associated with repeat neuroimaging, only epidural hematoma (OR 

3.99, 95% CI 2.22–7.15), posttraumatic seizures (OR 2.95, 95% CI 1.22–7.41), and age ≥ 

2 years (OR 2.25, 95% CI 1.16–4.36) were significant predictors of hemorrhage progression 

and/or neurosurgery. Of patients without any of these risk factors, none underwent neurosurgical 

intervention.

CONCLUSIONS: Repeat neuroimaging was commonly used but uncommonly associated with 

clinical deterioration. Although several factors were associated with repeat neuroimaging, only 

posttraumatic seizures, age ≥ 2 years, and epidural hematoma were significant predictors of 

hemorrhage progression and/or neurosurgery. These results provide the foundation for evidence-

based repeat neuroimaging practices in children with mTBI and ICI.

Keywords

mild traumatic brain injury; repeat imaging; imaging overuse; emergency medicine; trauma

Pediatric mild traumatic brain injury (mTBI; Glasgow Coma Scale [GCS] scores 13–15) is 

common and costly, with annual inpatient charges totaling more than $1 billion.1–3 While 

surveillance neuroimaging is common in children with mTBI and intracranial injuries (ICIs), 

it infrequently leads to changes in clinical management.4,5 There is ample literature and 
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clinical decision support tools to guide decision-making on whether to obtain an initial 

neuroimaging study in children with minor head trauma;6–9 however, there is little evidence 

regarding the utility of routine surveillance neuroimaging.5,10–13

Routine repeat surveillance imaging in children with minor traumatic brain injury (TBI) has 

both benefits and costs. While appropriate use of repeat imaging may allow early detection 

of patients at risk of neurological decline or those who might benefit from neurosurgical 

intervention, pediatric head CT has been shown to increase the lifetime risk of future 

malignancies,14,15 leading to efforts to reduce radiation exposure in children with head 

trauma.16 Furthermore, both head CT and MRI are associated with increased hospital length 

of stay and increased costs of care.17 Effective risk stratification may focus repeat imaging 

decisions on patients most likely to benefit, thereby decreasing hospital resource use, 

alleviating caretaker financial burdens, and reducing preventable radiation-induced harm.18–

24

In adults, there is evidence suggesting that surveillance neuroimaging in mTBI is overused 

and may not be indicated in many circumstances.4,25,26 This overuse of advanced imaging 

techniques is likely influenced by a variety of factors, including lack of knowledge of, 

or confidence in, validated clinical decision tools, physician risk tolerance, legal reform, 

and patient expectations.27,28 In children, the role of repeat neuroimaging among those 

with mTBI and ICI remains controversial, and nearly all published evidence is based on 

small, single-center series.5,11,13,29 Given this evidence gap, the objectives of this study 

were 1) to identify factors associated with repeat imaging in children with mTBI and 

ICI, and 2) to identify predictors of hemorrhage progression ≥ 25% and/or neurosurgical 

intervention. We hypothesized that these data might be used to provide better evidence for 

repeat neuroimaging in these children.

Methods

Study Population and Inclusion Criteria

We used the retrospectively collected Pediatric TBI Research Consortium (PTRC) data 

set, which included patients evaluated at four academic medical centers from 2006 to 

2019.30 Inclusion criteria for this study were 1) patients aged ≤ 18 years presenting to 

the emergency department within 24 hours of nonpenetrating blunt cranial trauma, 2) with 

a GCS score of 13–15 on initial presentation, and 3) ICI on initial cranial imaging. As 

reported previously, ICI was defined as intracranial hemorrhage, cerebral edema, midline 

shift, pneumocephalus, skull fracture depressed by at least the skull width, traumatic 

infarction, herniation, or venous sinus thrombosis.30 Patients with more than one type of 

ICI were classified once within each ICI pathology. Patients with subacute or chronic ICI, 

brain tumors, developmental delay impacting neurological assessments, or the presence of 

permanent CSF diversion were excluded. Central imaging review was performed within 

each institution by site investigators via review of radiology reports in conjunction with 

review of primary CT and MR images.31 Because of the restrictions of the data collected 

in the PTRC registry, outpatient follow-up, imaging, and subsequent interventions are not 

reported. Waivers of informed consent and institutional review board approval were obtained 

at each participating site. An operations manual was used to standardize the definitions of 
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variables collected. Data are reported in accordance with the STROBE (Strengthening the 

Reporting of Observational Studies in Epidemiology) guidelines for cohort studies.32

Predictor and Outcome Variables

Our first outcome was whether patients underwent repeat neuroimaging during their 

index admission. Our second outcome was a composite of progression of previously 

identified hemorrhage ≥ 25% and/or repeat imaging as an indication for subsequent 

neurosurgical intervention. In all cases of neurosurgical intervention, repeat imaging 

findings were reported in the operative note or electronic medical record as an indication for 

surgical intervention. Neurosurgical intervention was defined as craniotomy for hematoma 

evacuation, decompressive craniectomy, elevation of a depressed skull fracture, operative 

repair of dural laceration and/or CSF leak, or placement of intracranial pressure monitor or 

external ventricular drain. Scalp debridement and other minor procedures (e.g., lumbar drain 

placement for transient CSF leakage) were not included. Age was dichotomized as < 2 years 

versus ≥ 2 years given the strong clinical justification and extensive use of this cutoff in the 

literature.9

Statistical Analysis

We performed univariable logistic regression to identify candidate factors associated with 

the study outcomes, with subsequent backward stepwise multivariable logistic regression to 

identify significant predictors while controlling for the effect of other variables in the model. 

For our multivariable analysis, we included all variables that reached a threshold of p < 0.15 

in univariable analysis. Predictor variables were retained in the final multivariable model if 

they met our a priori threshold of p < 0.05. The C-statistic, which represents the area under 

the receiver operating characteristic curve, was used to determine model discrimination. 

There were no missing data in this analysis. Data were analyzed using IBM SPSS version 27 

(IBM Corp.)33 and R (The R Language for Statistical Computing).34 We report odds ratios 

and 95% confidence intervals for our predictors of interest.

Results

Cohort Description

Details of patient demographics and presentation can be found in Table 1. Most of our 

cohort was ≥ 2 years of age at the time of injury, male, and White, and presented with GCS 

scores of 15. The most common mechanism of injury was fall from elevation (38.8%), and 

the most common symptom was posttraumatic vomiting (30.7%). Radiographic findings on 

index neuroimaging can be found in Table 2. CT was the primary index imaging modality 

(99.9%). The most common initial ICI finding was subdural hematoma (SDH; 32.3%).

Overall, 547 patients (41.3%) underwent repeat neuroimaging at a median of 8 (IQR 10) 

hours after initial imaging. Repeat imaging findings are detailed in Table 3. Twenty-six 

repeat scans (4.8%) were obtained because of a clinical change, 24 (4.4%) were obtained 

for unclear reasons, and the remaining 497 (90.9%) were obtained for routine surveillance. 

Of those 497 patients undergoing routine surveillance imaging, only 12 (2.4%) underwent 

neurosurgical intervention. Forty-eight patients (9.7%) reached our composite outcome of 
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hemorrhage progression ≥ 25% and/or neurosurgical intervention. On the other hand, of 

the 26 patients who underwent repeat imaging because of changes in clinical status, 3 

(11.5%) developed the composite outcome, with 1 patient (3.8%) undergoing neurosurgical 

intervention. One patient who underwent neurosurgical intervention underwent repeat 

imaging for reasons of unclear prompting.

There was hemorrhage progression on 52 repeat imaging scans (9.5%) (Table 3). The most 

common index findings in patients with hemorrhage progression were epidural hematoma 

(EDH; 53.8%), SDH (32.7%), and cerebral contusion (19.2%). New traumatic findings were 

identified in 73 patients (13.3%) after repeat imaging, with the most common etiologies 

being cerebral contusion (32.9%) and SDH (30.1%). Of those who underwent repeat 

neuroimaging, 44 (8.0%) underwent neurosurgical intervention. Information on patient 

disposition and treatment can be found in Table 4.

Repeat imaging findings were reported as an indication for neurosurgical intervention in 

14 (2.6%) of 547 patients. Of these 14 patients, the repeat neuroimaging scans were for 

routine surveillance in 12 (85.7%), associated with clinical change in 1 patient (7.1%), and 

of unclear prompting in 1 patient (7.1%). Twelve (85.7%) of these 14 patients had an EDH 

on initial imaging. Of the 2 patients without EDH on initial imaging, both developed new 

EDHs seen on delayed imaging.

Evaluating numbers needed to treat, we found that 11 patients with routine surveillance 

imaging would be needed to identify 1 patient with the composite outcome, but 42 would 

be needed to identify 1 patient who would undergo neurosurgery because of their repeat 

imaging findings. By comparison, 9 patients with clinical changes prompting repeat imaging 

would be needed to identify 1 patient with the composite outcome, and 26 repeat scans 

would be needed to identify 1 patient who would undergo subsequent neurosurgery.

Predictors of Repeat Imaging

The results of the univariable analysis to identify factors associated with repeat imaging are 

shown in Tables 1 and 2. The final multivariable model can be found in Table 5. While 

various clinical and radiological factors met our threshold for multivariable analysis, factors 

independently associated with repeat imaging included intraventricular hemorrhage (IVH; 

OR 18.4, 95% CI 2.1–165.1), EDH (OR 10.1, 95% CI 6.8–15.0), extra-axial hemorrhage 

(OR 5.5, 95% CI 3.6–8.5), SDH (OR 5.2, 95% CI 3.8–7.1), cerebral edema (OR 4.6, 95% 

CI 1.4–15.2), assault as the mechanism of injury (OR 2.2, 95% CI 1.1–4.4), concern for 

nonaccidental trauma (OR 1.8, 95% CI 1.1–2.8), posttraumatic vomiting (OR 1.8, 95% 

CI 1.4–2.3), and pneumocephalus (OR 0.7, 95% CI 0.5–1.0). We also found significant 

differences in repeat imaging utilization across institutions. This model’s C-statistic was 

0.80, indicating good discrimination.

Predictors of Hemorrhage Progression and/or Neurosurgical Intervention

The results of the univariable analysis to identify factors associated with our composite 

outcome of hemorrhage progression and/or neurosurgical intervention are shown in Tables 

1 and 2. On multivariable analysis, we identified EDH (OR 4.0, 95% CI 2.2–7.2), 

posttraumatic seizures (OR 3.0, 95% CI 1.2–7.4), and age ≥ 2 years (OR 2.3, 95% CI 1.2–
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4.4) as statistically significant predictors of the composite outcome (Table 5). The C-statistic 

for this model was 0.71, also indicating moderate discrimination. When considering age 

as a continuous variable instead of a dichotomous variable, we found that EDH (OR 3.91, 

95% CI 2.167–7.03), posttraumatic seizures (OR 2.64, 95% CI 1.10–6.36), and age in years 

(OR 1.08, 95% CI 1.03–1.14) remained statistically significant predictors of the composite 

outcome (Supplementary Table 1).

Of those who developed the composite outcome (n = 55), 50 (90.9%) had at least one 

of the risk factors identified. Only 5 (3.2%) of 155 patients without any of the identified 

risk factors developed either finding of the composite outcome, and none underwent 

neurosurgical intervention as a result of repeat imaging findings.

Supplementary Analyses

Subset analysis was done to determine predictors of neurosurgical intervention and 

hemorrhage progression, separately. Univariable analysis can be found in Supplementary 

Table 2 (cohort demographics and clinical presentation) and Supplementary Table 3 (initial 

radiographic presentation). Subsequent multivariable analysis regression models can be 

found in Supplementary Table 4. Briefly, we found that on subgroup analysis, EDH 

remained a significant predictor of neurosurgical intervention (OR 19.4, 95% CI 4.3–88.1), 

while EDH (OR 3.9, 95% CI 2.2–7.1) and age in years (OR 1.07, 95% CI 1.01–1.13) were 

predictive of hemorrhage progression.

Additionally, we performed a supplementary analysis adding patients with new traumatic 

findings on repeat imaging to our composite outcome. On multivariable analysis, we found 

that vomiting (OR 2.04, 95% CI 1.34–3.11; p < 0.001), treatment at institution A (OR 2.04, 

95% CI 1.20–3.47; p = 0.009), and assault (OR 3.09, 95% CI 1.47–6.50; p = 0.003) were 

predictive of this broader composite outcome. While this more expansive outcome may 

have clinical relevance, it was used only as an exploratory analysis due to unclear clinical 

significance.

Discussion

The role of repeat neuroimaging in children with mTBI and ICI is contested in the 

literature,5,10–13 as it infrequently leads to changes in clinical management.4,5,35 In certain 

situations, however, it is warranted.10,11,29,36 While there is ample evidence-based guidance 

to determine which children benefit from initial neuroimaging after head trauma,6,8,9,37 there 

is a lack of data guiding the use of surveillance imaging after the injury is diagnosed.30,38,39 

In this study, we aimed to identify risk factors for repeat imaging, hemorrhage progression 

≥ 25%, and neurosurgical intervention. While we noted a variety of risk factors associated 

with surveillance imaging, only EDH, posttraumatic seizures, and age were significant 

predictors of hemorrhage progression and/or neurosurgical intervention.

Previous studies of children with mTBI have suggested that surveillance imaging may not be 

necessary in the absence of neurological decline or previously identified risk factors.5,10–13 

To our knowledge, our cohort represents the largest, multi-institutional cohort of children 

with mTBI and ICI undergoing repeat head imaging studied to date. In our study, almost half 
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of the cohort underwent repeat neuroimaging, but repeat imaging was performed because of 

a change in clinical status in only a small portion of patients. In line with prior studies,26 

we found that, based on numbers needed to treat, imaging prompted by clinical change 

was marginally more likely to be actionable than surveillance imaging. Notably, however, 

clinical deterioration was not associated with the composite outcome in our cohort. We 

acknowledge, however, that the severity of clinical change also likely plays a role5,10–13 

and that the association may be weak enough that it could not be detected even in this 

relatively large population. Heterogeneity among practitioners regarding the definition of 

“clinical deterioration” may have also precluded identifying a significant association in this 

retrospective study.5,10, 11,2 9,36

Medical decision-making is complex, and many factors contribute to the decision to order 

surveillance neuroimaging in children with mTBI. A prior study surveying healthcare 

providers about treatment of pediatric mTBI and ICI found that almost half of respondents 

would order surveillance neuroimaging despite a low concern for risk of neurological 

decline and low expectations of the utility of the repeat scan.40 While that study elucidated 

provider-related characteristics contributing to high rates of surveillance imaging, it did not 

address what patient-specific characteristics may play a role in the clinical decision-making 

process. Here, we aimed to identify factors associated with repeat neuroimaging after mTBI 

and ICI while focusing on patient characteristics.

In our cohort, patients who underwent repeat neuroimaging differed from those who 

did not. Patients with a variety of characteristics, including concern for nonaccidental 

trauma, vomiting, and the presence of various intracranial pathologies, were more likely 

to undergo repeat imaging. Interestingly, we also found significant interinstitutional variation 

in the treatment of these patients. While clinicians may associate several of these factors 

as predictive of repeat imaging utility, on further analyses we found that only EDH, 

posttraumatic seizures, and age ≥ 2 years were significant predictors of hemorrhage 

progression and/or neurosurgical intervention.

Many studies have identified radiographic and clinical risk factors for delayed neurosurgical 

intervention after repeat imaging in children.10,11,29,36 In our cohort, EDH was the only 

significant radiographic predictor of the composite outcome. This is a risk factor that has 

been widely cited in the pediatric literature.10,11,29,36 Prior studies have also identified 

SDH,36 cerebral edema,36 and intraparenchymal hemorrhage36 as radiographic risk factors 

for imaging progression and/or delayed neurosurgical intervention in pediatric patients. 

However, we did not find significant associations between these factors with our composite 

outcome, suggesting that these findings may lack generalizability.26

Older age has been previously noted to be associated with imaging progression and/or 

neurosurgical intervention.17,29 We initially dichotomized age to assist clinicians in more 

easily applying this factor in clinical practice, using the cutoff used by the PECARN 

(Pediatric Emergency Care Applied Research Network) study for risk stratification of 

children with minor head trauma at risk for TBI.9 The authors of that study analyzed 

preverbal (age < 2 years) and verbal (age ≥ 2 years) patients separately for various reasons, 

including the ability to communicate, risks for TBI, and mechanisms leading to TBI.9 We 
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found that older age (both dichotomized and as a continuous variable) was associated with 

increased risk of the composite outcome. Possible explanations for this finding include more 

severe mechanisms of injury, increased ability to detect more subtle examination findings 

and complaints, or other changes related to the developing skull, brain, or spine.

Posttraumatic seizures in children with mTBI are uncommon.41 To our knowledge, studies 

to date have not identified posttraumatic seizures as a risk factor for hemorrhage progression 

and/or delayed neurosurgical intervention. However, seizures are a risk factor for extended 

inpatient stay,37 ICU-level interventions,42 and intracranial hemorrhage43 in children with 

mTBI, as well as unfavorable outcomes in children with TBI overall.44 In our cohort, we 

found that posttraumatic seizures were associated with 3 times the odds of our composite 

outcome.

We also performed subset analyses to analyze predictors of each outcome of neurosurgical 

intervention and hemorrhage progression. We found that EDH remained a significant 

predictor of neurosurgical intervention, while age in years and EDH were significant 

predictors of hemorrhage progression. Given the loss of statistical power because of a 

decrease in sample size when performing subgroup analysis, this suggests that EDH and age 

likely have the strongest association with our composite outcome, whereas the association of 

seizure may be more modest and should thus be verified in future analyses.

Of the patients in our cohort who developed the composite outcome, 91% had at least one of 

the risk factors identified. Thus, our data suggest that repeat neuroimaging may be used most 

frequently in children presenting with EDH or posttraumatic seizures, particularly those ≥ 

2 years. Future work directed toward evidence-based guidelines and shared clinical decision-

making45 could potentially limit imaging overuse and its associated risks to children with 

mTBI and ICI.

This study has several limitations. Importantly, the data are specific to children with mTBI 

and ICI and are thus not generalizable to patients with severe TBI or patients with mTBI 

without ICI. We acknowledge that the PTRC data set supported the analysis of only center-

level data, and future studies will need to look at the influence of provider-level differences 

on decision-making, as results are impacted by individual variability in decision-making 

regarding repeat imaging and surgical intervention among physicians.40 Second, although 

our composite outcome included neurosurgical intervention triggered by repeat imaging 

findings, we acknowledge that we are unable to account for all factors that influenced 

surgical decision-making. Third, we did not assess the association between the volume 

of the initial ICIs and the composite outcome, as ICI measurement data were not widely 

available for patients in our cohort. However, recent evidence suggests that quantitative ICI 

measurements do not necessarily improve outcome predictions compared with categorical 

imaging findings in children with mTBI and ICI.31 Because of limitations in the data 

set documentation, we were unable to exclude possible rare cases in which patients had 

repeat imaging performed after neurosurgical intervention, although we acknowledge that 

decision-making in such patients may differ. Finally, while we report readmission within 30 

days, we acknowledge that we do not report imaging or subsequent interventions beyond 

this time frame.
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Conclusions

In this large, multicenter population of children with mTBI and ICI, repeat head imaging 

was commonly used, but was uncommonly associated with clinical change or neurosurgical 

intervention. Furthermore, the proportion of children who experienced adverse outcomes, 

regardless of repeat imaging status, was relatively low. Many factors were associated with 

repeat neuroimaging. However, we found that only posttraumatic seizures, age ≥ 2 years, 

and presence of EDH on initial imaging were significantly associated with the composite 

outcome. While these findings should be validated in future studies, the present results may 

assist physicians in focusing their indications for repeat imaging on the small subset of 

children with mTBI and ICI most likely to benefit.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TABLE 3.
Characterization of repeat imaging findings

Value

Median time btwn initial & repeat imaging (IQR), hrs 8 (10)

Repeat neuroimaging type

 CT 421 (77.0)

 MRI 126 (23.0)

Median no. of repeat scans (range) 1 (1–4)

Reason for repeat imaging

 Scheduled (surveillance) 497 (90.9)

 Clinical change 26 (4.8)

 Unknown 24 (4.4)

Neurosurgical intervention* 14 (2.6)

Progression of previous findings 52 (9.5)

 Found on CT 45 (86.5)

 Found on MRI 7 (13.5)

New traumatic findings† 73 (13.3)

 SDH 22 (30.1)

 EDH 5 (6.8)

 Extra-axial hematoma 6 (8.2)

 SAH 8 (11.0)

 IVH 2 (2.7)

 Cerebral contusion 24 (32.9)

 Cerebral edema 1 (1.4)

 Traumatic infarction 6 (8.2)

 Midline shift 6 (8.2)

 Herniation 0 (0)

 Venous sinus thrombosis 4 (5.5)

 Pneumocephalus 2 (2.7)

 Linear, non–basilar skull fracture 4 (5.5)

 Basilar skull fracture 0 (0)

 Depressed skull fracture

  ≥ width of the skull 0 (0)

  < width of the skull 0 (0)

Values are expressed as number (percentage) unless indicated otherwise.

*
In all patients included in this cohort, repeat imaging findings were cited as an indication for neurosurgical intervention.

†
Percentages for new traumatic findings are reported as new findings divided by total new traumatic findings.
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