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Abstract

Objective: To examine early cerebral hermodynamic changes among youth hospitalized with 

sports related traumatic brain injury (TBI).

Study design: Youth 0–18 years admitted to a level one trauma center with sports-related TBI 

were enrolled. Daily measures included clinical symptoms and Glasgow Coma Scale (GCS) score. 

Using Transcranial Doppler (TCD) ultrasonography and tilt testing, we measured middle cerebral 

artery flow velocity (Vmca) and cerebral autoregulation index (ARI).

Results: Six previously healthy males age 14 (IQR 12–16) years with headache and abnormal 

head CT were admitted with median admission GCS 15. Six patients underwent 12 TCD 

examinations between hospital days 0–9. Low Vmca occurred in 3/6 patients and on the side of 

TBI, whereas high Vmca occurred in 2/6 patients. Five patients had at least one measurement of 

impaired and five patients had absent cerebral autoregulation of at least one hemisphere; all these 

five patients had GCS 15 and headache during TCD examinations. Three patients were discharged 

with absent cerebral autoregulation. Five (83%) patients were discharged home and one patient 

was discharged to a rehabilitation facility.

Conclusion: Headache, abnormal Vmca, and impaired cerebral autoregulation occur after 

sports-related TBI, despite normal GCS. Headache may signal underlying neurovascular 

abnormality in sports-related TBI.
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Introduction

While the majority of patients with sports-related traumatic brain injury (TBI) have 

concussion and are not hospitalized, more than 600,000 hospitalizations occur annually due 

to sports-related TBI [1]. Pediatric sports-related TBI accounts for approximately 60–80% 

of sports related hospitalizations [1]. While most sports-related TBI results in sports related 

concussion and while most recover in one week to 10 days [2–4], sports related TBI can 

result in the full spectrum of TBI severity. Yet, little is known about the pathophysiology of 

sports related TBI especially pertaining to cerebral hemodynamics and cerebrovascular 

physiology which may be altered, impact clinical care and affect outcome.

Autoregulation of cerebral blood flow (CBF) is a normal homeostatic process that maintains 

nearly constant CBF over a range of mean arterial pressures (MAP). Traumatic brain injury 

can impair or abolish cerebral autoregulation, leaving the brain vulnerable to cerebral 

ischemia or cerebral hyperemia [5]. We have previously shown that youth with non-sports 

related mild, moderate and severe TBI have impaired cerebral autoregulation [6], there are 

hemispheric differences in cerebral autoregulation [7], impaired cerebral autoregulation is 

associated with poor 6 month outcome [8], and that young age is a risk factor [9]. In a study 

of otherwise children who are otherwise healthy with non-sports related mild TBI presenting 

for orthopedic surgery, the prevalence of impaired cerebral autoregulation was 17% [10]. 

Under normal conditions, postural changes do not result in impaired cerebral autoregulation 

[11] and normative data on cerebral autoregulation for children and adolescents provide an 

opportunity for examining pathophysiological changes after sports related TBI [12,13].

Neuroimaging, such as computed tomography (CT) scanners or magnetic resonance 

managing, are often used as a non-invasive means to diagnose sports related TBI because the 

ability to quickly perform the imaging in emergency departments and ease of use [14]. In 

addition to neuroimaging, the Glasgow Coma Scale (GCS) is a non-invasive clinical 

assessment and scoring system used to assess the severity of TBI and includes eye opening, 

verbal response and motor response. These assessments may be utilized to determine the 

course of care, and prognosticate outcome[15]. Other noninvasive neuroimaging measures 

such as electroencephalography and magnetic resonance imaging techniques are promising, 

but their clinical utility remains to be established [16]. Transcranial Doppler (TCD) 

ultrasonography is an established neurovascular non-invasive and real time bedside tool to 

estimate cerebral blood flow, and understand changes in cerebral perfusion in clinical care 

and in research [17–20]. Coupled with tilt testing, TCD can be used to understand changes 

in cerebral autoregulation. Since low cerebral blood flow can result in cerebral ischemia if 

cerebral autoregulation is impaired, it is important to understand whether this otherwise 

homeostatic mechanism is intact. In an outpatient study of 17 athletes with mean age of 20 

years and concussion who underwent arterial spin labeling magnetic resonance imaging 

relative cerebral blood flow was examined at three time points after concussion. Compared 

to healthy volunteers, patients with concussion had reduced cerebral blood flow at one day 

and one week, which then recovered at one month [21]. To add to our understanding of early 

cerebrovascular changes in youth hospitalized with sports related TBI, we examined cerebral 

autoregulation among youth hospitalized with sports related TBI.
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Methods

Study participants and setting

After University of Washington Human Subjects Approval (IRB # 35291), we enrolled 

youth aged 0–18 years who were admitted to a level one trauma center with a diagnosis of 

TBI with an International Classification of Disease, Ninth Revision, Clinical Modification 

(ICD-9-CM) diagnosis code for TBI (ICD 800.1–800.4, 800.6–800.9, 850.0–854.9, 801.1–

801.4, 801.6–801.9, 803.1–803.4, 803.6–803.9, 804.1–804.4, and 804.6–804.9). This is an 

ongoing study of cerebral autoregulation among 75 youth hospitalized with all cause TBI 

which is expected to continue enrollment through end of calendar year 2017. In this report, 

we present findings from patients whose mechanism of injury was recorded as sports related. 

Patients with polytrauma were included. Eligible patients could be recruited from the 

Harborview Medical Center pediatric intensive care unit (ICU) or hospital ward (Seattle, 

WA). Informed consent for participation was obtained from parent or guardian, and age-

appropriate assent was obtained from each patient.

Harborview Medical Center is a level one adult and pediatric trauma center with an 

accredited cerebrovascular laboratory. Trained TCD technicians commonly perform bedside 

TCD examinations in adults and children admitted with neurological and neurosurgical 

conditions to estimate CBF, and cerebral autoregulation per written protocols. Ordersets for 

TCD use and cerebral autoregulation testing are included in the electronic health record.

Study design and protocol

This was a single center prospective cohort study of youth meeting eligibility criteria. 

Clinical characteristics were abstracted from daily physician and nurse records. Physiologic 

testing with TCD ultrasonography was conducted at the bedside daily for the duration of 

hospital length of stay (LOS).

Clinical characteristics

We abstracted age, sex, and race. The mechanism of injury that led to hospitalization was 

categorized using ICD-9 external cause of injury codes. We recorded TBI type from 

radiology reports (subarachnoid hemorrhage, intracerebral hemorrhage, subdural 

hemorrhage, epidural hemorrhage, contusion, and concussion). Admission and daily GCS 

scores were abstracted, along with information on surgery, hospital and intensive care unit 

LOS, and discharge disposition.

Cerebrovascular testing using TCD ultrasonography and tilt testing

General procedure—Each participant was positioned in a bed with head and back 

adjustable for elevation. An appropriately sized noninvasive blood pressure cuff was placed 

on an upper extremity at the arm. Transcranial Doppler ultrasonography (Multidop X; DWL 

Corp., Sipplingen, Germany) was used to measure bilateral middle cerebral artery flow 

velocities (Vmca). Two certified TCD technicians (AM and colleague) obtained TCD data 

blinded to the patient and the research staff member who were abstracting patient data and 

recording blood pressure during testing (AW and MSV).
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Measuring middle cerebral artery flow velocity (Vmca)—A hand-held 2-MHz 

ultrasound probe was used to insonate each middle cerebral artery and positioned for 

sufficient time to achieve steady-state measurement, at previously published age appropriate 

depths [7]. During steady-state conditions, Vmca and corresponding MAP were recorded.

Cerebral autoregulation testing and determining autoregulatory index (ARI)—
The change in head and back position proceeded from supine to upright position (13.6 cm / 

10 mmHg difference between two positions) served as the stimulus for testing cerebral 

autoregulation [22]. For the relatively upright position, the vertical distance between the 

noninvasive blood pressure cuff and the external auditory meatus was used to calculate the 

estimated MAP (MAPe) at the Circle of Willis. Because MAP decreases by 1 mm Hg for 

every 1.36-cm increase in vertical height, the change in height from supine to sitting upright 

was divided by 1.36 cm to calculate the MAPe in the sitting upright position [23].

The ARI for each middle cerebral artery was calculated off-line as previously described 

[8].Briefly, cerebral autoregulation was quantified using the autoregulatory index (ARI), 

where ARI = % ΔeCVR/% ΔMAPe; eCVR is the estimated cerebrovascular resistance 

calculated as the ratio of MAP to Vmca as appropriate [22].

Statistical analysis

Sociodemographic, injury and admission GCS, cerebrovascular data and age were examined 

using descriptive statistics. Change in Vmca and ARI were examined using Pearson 

correlation statistics and mean Vmca and ARI were determined using descriptive statistics. 

Differences between left and right side Vmca and ARI were examined using univariate 

analysis. Abnormal Vmca was defined as Vmca < 2 SD [low Vmca] or > 2SD [high Vmca] 

for age and sex) and abnormal cerebral autoregulation was defined as ARI < 0.4 [impaired] 

and ARI 0 [absent]) [6, 13, 22]. Patients were divided into two outcome groups: those who 

discharged with normal cerebral autoregulation (ARI > 0.4) and those who discharged with 

impaired cerebral autoregulation (ARI < 0.4). TCD characteristics, including Vmca, ARI, 

and MAP change where examined for each group using Fisher exact test, chi square test or 

student t-test and univariate analysis. Mixed Analysis of Variance analysis was utilized to 

analyze the differences in ARI and Vmca between the group of patients who discharged with 

impaired cerebral autoregulation versus those who discharged with normal cerebral 

autoregulation. Although all patients were male, age-and sex related Vmca were compared 

with age-related normative data [23]. Significance was set at p < 0.05. All data are presented 

as mean or median ± SD, except for age, GCS, and LOS which are presented as interquartile 

range (IQR). SAS software (SAS Institute Inc., Cary, NC, USA) was used for data analysis.

Results

Over the two-month period, six patients were admitted with a diagnosis of sports related 

TBI. Consent was obtained within 24 hours of admission from all patients.
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Clinical characteristics

Baseline characteristics of patients who underwent cerebral autoregulation testing are listed 

in Table 1. Admission GCS ranged from 5 −15 (median admission GCS 15 (IQR 12–15). 

Five patients had GCS 15 and one patient had GCS 5. All were male and most (83%) were 

white. Median age was 14 (IQR 12–16) years and median admission GCS was 15 (IQR 12–

15). Sports mechanisms were baseball (N=3), football (N=1), soccer (N=1), and skateboard 

(N=1). All six patients had isolated TBI. Concussion, which accounted for 25% of moderate 

TBI, was the most frequently diagnosed TBI type (Table 1). Median ICU length of stay 

(LOS) was 1 days (1 [IQR 1–2]) days, and hospital LOS was 3 days (3 [IQR 2–5] days. All 

subjects were admitted from the emergency department to the ICU prior to transfer to the 

ward.

The one patient admitted with GCS 5T suffered from an epidural hematoma with midline 

shift. After craniotomy, GCS improved to 15 on hospital day 2. Five of six patients were 

discharged home and one patient was discharged to a rehabilitation facility.

Clinical symptoms—All six patients reported headache and nausea/emesis on admission. 

At discharge, all patients remained symptomatic with headache (n=4), or nausea/emesis 

(n=2). One patient complained of blurry vision which resolved at hospital discharge.

Measures of cerebral blood flow velocity (Vmca) and cerebral autoregulation (ARI)

Test quality—Six children underwent a total of 12 TCD ultrasonography and tilt tests 

(Table 2). Four (66%) patients underwent more than one TCD and tilt test. All six children 

experienced at least a 5 mmHg decrease (mean 10±3 mmHg) in MAPe during tilt testing. 

There was no difference in MAPe between the five patients with impaired cerebral 

autoregulation and those with intact cerebral autoregulation. Data on Vmca and ARI data for 

individual participants are given in Tables 1 and 2.

Vmca—Figure 1 shows that mean Vmca increases for the cohort of six patients over eight 

days after sports related TBI and that there are hemispheric differences in Vmca; mean 

baseline (supine) Vmca was 68 ± 14 cm/sec and 67 ±15 cm/sec for the left and right sides, 

respectively. Low Vmca occurred in 3/6 patients and on the side of TBI, whereas high Vmca 

occurred in 2/6 patients on at-least one TCD examination. Figure 2 shows there is between 

patient variation in Vmca.

ARI—Figure 2A shows differences in mean ARI over the first 8 days after sports related 

TBI and Figure 2B shows between patient variation in the trajectory of ARI. Five (83%) of 

the six patients had impaired cerebral autoregulation (Tables 1 and 2) within 24 hours of 

admission. One patient with right frontal contusion with right orbital fracture intact cerebral 

autoregulation on hospital day 1 had impairment on hospital day 2. Of the four patients with 

more than one test, one had impaired cerebral autoregulation impairment on more than one 

day.

Five (83%) patients were discharged home and one patient was discharged to a rehabilitation 

facility. Three (50%) patients were discharged with impaired cerebral autoregulation. These 
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patients had a statistically significant lower left ARI (0.4 ± 0.5) in comparison to patients 

(N=3) who were discharged with normal cerebral autoregulation (0.7±0.3; p= 0.02). These 

patients also had a statistically significant lower mean right supine Vmca (60± 4 cm/s) in 

comparison to the patients (N=3) who discharged with normal cerebral autoregulation (78 

± 13 cm/s; p=0.02). Eighty three percent (5/6) had at least one measurement of impaired and 

83% had absent cerebral autoregulation; all these five patients had GCS 15 and headache at 

time of testing.

Discussion

In this study, we examined cerebral autoregulation among youth hospitalized after sports 

related TBI. The urgency to disseminate these preliminary research findings primarily stems 

from the paucity such information from hospitalized children and from the first week after 

TBI, and to accelerate knowledge regarding cerebral autoregulation after sports related TBI. 

Moreover, the number of patients with sports related TBI among children hospitalized is 

relatively small and waiting until the end of the ongoing study is expected to yield two to 

three additional subjects.

The main findings of this study in hospitalized sports related TBI are that: 1) impaired 

cerebral autoregulation is common, 2) impaired cerebral autoregulation is associated with 

headache, and 3) impaired cerebral autoregulation occurs even when GCS is 15. We also 

observed that Vmca increases and ARI changes variably over the first week after sports 

related TBI. These findings suggest a potential link between clinical symptoms such as 

headache, with impaired cerebral autoregulation after sports related TBI. We included the 

one patient admitted with GCS 5T and hence report our findings as sports related TBI. 

However, five of the patients had admission GCS 15, representing the group of TBI patients 

who are phenotypically equivalent to those with sports related concussion but who have 

more complicated underlying brain pathology.

Postural change as induced by tilt testing results in a decrease in mean arterial pressure to 

the cerebral circulation. When cerebral autoregulatory mechanisms are intact, arteries and 

arterioles dilate to preserve cerebral perfusion. Thus, postural change represents a cerebral 

autroegulatory stimulus. The cerebral autoregulatory index (ARI) a standard measure of how 

well cerebral blood flow is maintained during changes in mean arterial pressure, as 

experienced by the artery being insonated by TCD ultrasonography. An ARI of 0 reflects 

absent autoregulation, an ARI 1 reflects perfect autoregulation. ARI < 0.4 reflects impaired 

autoregulation and ARI > 0.4 reflects intact cerebral autoregulation [20]. The significance of 

impaired autoregulation is that the neurovascular unit may not be able to maintain normal 

cerebral perfusion with changes in mean arterial pressure, induced by posture or other 

exposures such as general anesthesia.

Our prior work, also using tilt testing and using TCD ultrasonography compared cerebral 

autoregulation of the anterior and posterior circulations in healthy boys and girls who were 

10–16 years of age [21]. Among the 13 boys and 13 girls, middle cerebral artery flow 

velocities were higher in girls than boys. While all children demonstrated intact 

autoregulation, boys had higher autroegulatory indices of the middle cerebral artery than 
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girls. This study provided normative data on cerebral autoregulation of the posterior 

circulation in healthy, awake boys and girls, which we used as a reference to understand ARI 

of the MCA in this study. While all our subjects were male, further study of female athletes 

would be important to understand differences between healthy normal females and those 

with sports related TBI”.

Some changes e.g. reduced CBF, neuronal metabolism and perfusion, impaired axonal 

function, are described after sports related concussion [24, 25]. These changes may be 

associated with persistent symptoms after concussion. Findings from this study using TCD 

ultrasonography corroborate previous results that CBF is low after sports related TBI [21, 

26]. These findings also add to existing knowledge on hemispheric differences, and 

trajectory of change after TBI. Specifically, patients with one sided head CT lesions also 

demonstrate Vmca and ARI differences in contralateral hemispheres, suggesting that 

underlying brain pathology is more diffuse than is detected by initial CT imaging. Cerebral 

hyperemia or abnormally high Vmca was not observed in this series, suggesting that cerebral 

ischemia rather than cerebral hyperemia is likely the more common pathway after sports 

related TBI. These findings are consistent with non-sports related TBI.

Impaired cerebral autoregulation has clinical implications for treating clinicians. First, it 

indicates abnormality in the neurovascular unit where CBF is either relatively or absolutely 

pressure passive. This means that CBF is dependent on blood pressure. All these patients 

except one had admission GCS 15. In some cases, Vmca was low despite MAP being above 

lower limit of cerebral autoregulation for age. Additionally, the vulnerability of the 

neurovascular unit is evident in the one patient with GCS 5T after baseball injury who 

underwent craniotomy. In this case, although resting baseline (supine) Vmca was within 

normal limits, the ARI was low when the stimulus of postural change was applied. While 

one can argue that this abnormality represents a more serious case of sports related TBI, 

similar observations were made for those with GCS 15 where four of the six patients with 

GCS 15 had absent cerebral autoregulation of at-least one cerebral hemisphere at the time of 

testing. We did not have serial testing in all these patients because patients were discharged 

from hospital. While hemodynamic management was not required for five of the six patients 

in this series, one patient underwent craniotomy and exposure to general anesthesia where 

risks of systemic hypotension translate to cerebral hypoperfusion when autoregulation is 

impaired [27]. Importantly, while none of the five other patients required surgery either for 

the TBI or other polytrauma that may happen in athletics, a GCS of 15 may suggest a false 

sense of neurovascular stability. Early changes in cerebral activity may be important because 

they indicate susceptibility to second insults at a time when the brain is vulnerable after 

sports related concussion. For example, youth who have impaired autoregulation and have 

surgery and anesthesia care may require refinement of choice of medications because of 

known medication-brain interactions after TBI However, even patients with mild TBI 

undergoing general anesthesia have impaired cerebral autoregulation which may or may not 

be related to preoperative autoregulation status. Therefore, knowledge of the status of 

cerebral autoregulation is important to facilitate tight hemodynamic control during general 

anesthesia [28]. These findings may be important to longer term symptoms and patient 

outcomes [8]. Increased awareness that cerebral autoregulation is often impaired after sports 

related TBI, including concussion, is urgently needed.
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Current clinical pediatric TBI practice does not utilize routine neuroimaging to examine 

cerebral perfusion or cerebral autoregulation either at time of admission, discharge or 

planned at follow up. However, present findings suggest that neurovascular diagnostics may 

be needed because normal GCS does not imply a lack of vulnerability for the following 

reasons. First, despite hospitalization, most are phenotypically normal per GCS, which is an 

important facilitating clinical criterion for discharge. Second, these patients with GCS 15 

have shorter hospital LOS than other youth admitted with TBI. In studies of cerebral 

autoregulation in moderate-severe TBI, hospital LOS frequently exceeds two to three days, 

and cerebral autoregulation typically returns to normal within one week after TBI assuming 

normal recovery course [8]. Third, there is a lack of awareness that clinical symptoms 

despite normal GCS may represent underlying neurovascular abnormalities, regardless of 

mechanism of TBI. While it is possible that children with non-sports related TBI similarly 

discharged with headache and GCS 15 within 48 hours of TBI and have impaired cerebral 

autoregulation at discharge, these patients typically have longer hospital LOS and are 

discharged when cerebral autoregulation improves and returns to normal. Further work will 

need to elucidate whether mechanism of injury is important to this pathophysiology and 

what cerebrovascular diagnostics are needed prior to hospital discharge specifically in sports 

related TBI.

Although youth hospitalized with sports related TBI are symptomatic and complain of 

dizziness, these patients do not typically undergo formal balance testing during hospital 

course or prior to discharge. In this series, balance impairment was formally recorded in the 

medical record of one patient and while dizziness was reported by some of these six 

patients, formal balance testing was not performed in these patients to link dizziness with 

balance impairment. However, this is an important point because postural abnormalities are 

reported among athletes after sports related concussion [29]. Since self-reported balance 

status is not reported to a reliable marker for balance performance in adolescents, we are not 

able to associate balance abnormalities with impaired cerebral autoregulation. However, this 

does beg the question as to whether youth hospitalized with sports related TBI should 

undergo formal balance testing if they are ambulating [30], and whether formal balance 

testing would be a marker for impaired cerebral autoregulation. This argument seems logical 

because the tilt test stimulus for cerebral autoregulation testing involves postural change. 

Whether the balance error scoring system or center of point test more accurately predict 

impaired cerebral autoregulation is not known but what is suggested is that center of 

pressure tests demonstrate balance deficits are detected one month post sports related 

concussion using center of pressure testing [29], rather than the balance error scoring 

system.

Cerebral autoregulation can be evaluated quantitatively using several different techniques. 

Although static cerebral autoregulation testing, using TCD, has been validated and can be 

performed using pharmacologic intervention to increase MAPe, it may be too invasive for 

awake, healthy children [6]. Tilt testing allows cerebral autoregulation to be studied at the 

bedside noninvasively, is well tolerated by children, and has been used for many years in the 

evaluation of children and adults with syncope [31]. It has also been combined with TCD 

ultrasonography to evaluate changes in cerebral vascular resistance in patients with 

dysautonomia [32].
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There are some limitations to this study. First, the sample size is small. However, we are able 

to provide detailed cerebral hemodynamic within and between patients data on cerebral 

autoregulation. First, we measured Vmca, which estimates but does not directly measure 

CBF. However, the study was conducted during steady state by investigators with experience 

using TCD technology, and the flow velocities in this study correlate well with the normal 

values previously reported by Bode as well as by previous studies examining CBF using 

arterial spin labelling [26, 33]. Additionally, since patients are hospitalized, we were able to 

conduct serial TCD examinations during the first week, whereas other studies examining 

cerebral autoregulation examined outpatients. Moreover, this study is devoid of confounders 

previously present in examination cerebral autoregulation in mild TBI such as sedation or 

general anesthetic exposure [34, 35]. Although we could estimate the decrease in MAPe 

with tilt testing, we could not control the blood pressure to ensure a specified drop in MAPe. 

However, the range of MAPe tested (77–55 mm Hg) was within physiologic norms and 

sufficiently broad to precipitate an autoregulatory response. We are unable to comment on 

potential differences in lower limit of cerebral autoregulation between testing. In addition, 

we evaluated only the MCA. To maintain steady-state conditions, testing was conducted in a 

quiet setting, and we ensured that flow velocities reached steady state TCD recordings. 

Finally, we are unable to definitively link clinical symptoms with cerebral autoregulation 

status. However, we provide provocative new information that may fuel a new line of 

investigation to detect underlying cerebrovascular abnormalities after sports related TBI.

Conclusion

Impaired cerebral autoregulation commonly occurs after sports related TBI despite normal 

GCS. Headache symptoms may suggest impaired cerebrovascular homeostasis and may be a 

marker for a brain at risk, after sports related TBI. Further studies are needed to better 

understand change in cerebral autoregulation and its relationship with clinical symptoms 

among the larger number of youth who sustain sports related TBI, including those with 

concussion who are not admitted to a hospital for post-concussion care.
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Figure 1. 
(A) Mean middle cerebral artery flow velocity (Vmca) of all six patients after sports-related 

traumatic brain injury. (B) Change in mean middle cerebral artery flow velocity (Vmca) 

after sports-related traumatic brain injury in four of six patients who underwent repeat 

Transcranial Doppler ultrasonography testing.

Vavilala et al. Page 12

Brain Inj. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
(A) Hemispheric differences in autoregulatory index (ARI) of six patients after sports-

related traumatic brain injury. (B) Change in mean autoregulatory index (ARI) in four of the 

six patients after sports-related traumatic brain injury; TCD = Transcranial Doppler 

Ultrasonography, ARI < 0.4 = impaired cerebral autoregulation and ARI > 0.4 = intact 

cerebral autoregulation. ARI 0 = absent cerebral autoregulation and ARI 1 = perfect cerebral 

autoregulation.
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Table 1.

Clinical characteristics of six children and adolescents hospitalized with sports related traumatic brain injury. 

GCS = Glasgow Coma Scale, CT = computed tomography, LOC = Loss of consciousness, LOS = length of 

stay, SDH = subdural hematoma, EDH = Epidural hematoma, SAH = subarachnoid hemorrhage.

Age (y)/Sex Sport/Mechanism Head CT diagnosis Admit GCS LOC Surgery Hospital LOS (days)

10 M Soccer
Fall backward

Left occipital skull fracture
Left SDH
Left transverse venous sinus 
narrowing

14 - - 3

13 M Baseball to temple
No helmet

Left EDH with midline shift
left frontal lobe SAH and 
hemorrhagic contusion

5T - Left
craniotomy day1

9

13 M Baseball bat to head
No helmet

Left temporal fracture
Left SAH
Pneumocephalus

15 - - 3

14 M Flag football
Fall backward

No helmet

Left frontal SAH
Parafalcine SDH

14 3–5 min - 2

16 M Baseball
Elbow to right eye

No helmet

Right frontal contusion
Right orbital fracture

15 - - 2
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