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Abstract
Purpose This study aimed to determine relationships between cerebral blood flow and neurodevelopmental outcomes in children
with moderate to severe traumatic brain injury (TBI).
Methods Children with TBI, a Glasgow Coma Score of 8–12, and abnormal brain imaging were enrolled prospectively. Cerebral
blood flow velocity (CBFV) was assessed within 24 h of trauma and daily thereafter through death, discharge, or hospital day 8,
whichever came first. Twelve months from injury, participants completed neurodevelopmental testing.
Results Sixty-nine patients were enrolled. Low flow velocities (< 2 SD below age/gender normal) were found in 6% (n= 4). No patient
with a single lowCBFVmeasurement had a good neurologic outcome (Pediatric GlasgowOutcome Scale (GOS-E Peds) ≤ 4)). Normal
flow velocities (± 2 SD around age/gender normal) were seen in 43% of participants (n= 30). High flow velocities (> 2 SD above age
and gender normal with a Lindegaard ratio (LR) < 3) were identified in 23% of children (n = 16), and vasospasm (> 2 SD above age/
gender normal with LR ≥ 3) was identified in 28% (n = 19). Children with good outcomes based on GOS-E Peds scoring were more
likely to have had normal flow velocity than other flow patterns. No other differences in neurodevelopmental outcomes were noted.
Conclusions Individual patient responses to TBI in terms of CBFV alterations were heterogeneous. Low flow was uniformly
associated with a poor outcome. Patients with good outcomes were more likely to have normal flow. This suggests CBFV may
serve as a prognostic indicator in children with TBI. Future studies are needed to determine if aberrant CBFVs are also a
therapeutic target.
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Introduction

Traumatic brain injury (TBI) is the major cause of morbidity
and mortality in children in developed countries. Each year in
the USA alone, over 475,000 children suffer head trauma [1].
The survivors of pediatric TBI and their families commonly
cope with long-term motor disabilities, cognitive deficits, and
behavioral issues [2–4]. Additionally, the economic conse-
quences of TBI are enormous with average lifetime care costs
ranging from $600,000 to $1,875,000 [5].

Following the primary injury, disturbances in cerebral cir-
culation may play a key role in further neuronal cell injury and
death and contribute to worsened neurological outcomes in
these children. Arterial hypotension, focal tissue compression
due to intraparenchymal hematomas, increased intracranial
pressure (ICP), or vasospasm of the large intracranial vessels
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may result in post-traumatic cerebral ischemia [6–15].
Additionally, cerebral hyperemia following TBI is not uncom-
mon and may result in cerebral swelling, intracranial hyper-
tension, and secondary brain injury [10–14].

The cerebrovascular response of children following TBI
has been evaluated using Xenon computerized tomography
(XeCT) in several studies. Muizelaar et al. found that in 32
children with TBI, the average cerebral blood flow (CBF) was
typically within the expected range in the first 24 h of injury
[13]. Following the initial 24 h, 22% of their measurements
revealed reduced CBF (< − 2 SD of normal), 49% showed
normal values (− 2 SD to + 2 SD from normal), and 29% of
CBF values were consistent with absolute hyperemia. They
noted that children with higher flow values in the first 24 h had
better neurologic outcomes, but they were unable to identify
an association between later CBF velocities and outcomes
after this time period. In two other studies, another author,
using Xenon CT, found reduced CBF on admission across
the cohorts that increased to slightly elevated values by post-
injury day 2 and normalized thereafter [10, 11]. They reported
uniformly poor outcomes if CBF was < 20 ml/100 g/min at
any point and noted that children with overall higher CBF
measurements had improved outcomes compared to those
with lower CBF.

These findings suggest that CBF may have a role as a
prognostic indicator and also be a therapeutic target in chil-
dren following TBI. However, since these studies were pub-
lished, a mandate by the Federal Drug Administration tabled
the use of Xenon CT until its safety could be established. As
such, surrogate markers for measuring CBF in children need
to be evaluated to determine their typical pattern in the days
immediately following the trauma and their associations with
long-term neurodevelopmental outcomes.

Therefore, in this study, we used a transcranial Doppler
(TCD) ultrasound in a cohort of children with moderate to
severe TBI to describe flow velocity characteristics on days
1–8 post-injury and to examine the relationships of flow ve-
locity to neurodevelopmental outcomes. Our hypothesis was
that specific flow velocity patterns identified by transcranial
Doppler ultrasound could be used to predict long-term neuro-
logic outcomes in these children.

Materials and methods

Study population

We performed a prospective, observational study in a tertiary
care, level 1 pediatric trauma center. The study was approved
by the institutional review board. Informed consent was ob-
tained from parents before enrollment. Children 1 day to
17 years of age admitted with a diagnosis of moderate to
severe TBI (post-resuscitation Glasgow Coma Scale (GCS)

score ≤ 12)) and abnormal brain imaging were recruited.
Children were excluded if they were deemed to have suffered
a non-survivable injury and had a GCS of 3 with fixed and
dilated pupils. Children were also excluded if they had a pre-
vious diagnosis of severe developmental disability or mental
retardation. Demographic data including age, gender, mecha-
nism of injury, Injury Severity Score (ISS), and post-
resuscitation GCS scores were obtained. Children with a
post-resuscitation GCS score of 9–12 were considered to have
suffered moderate TBI and those with a post-resuscitation
GCS score of ≤ 8 were considered to have suffered severe
TBI. Admission temperature (rectal), serum chemistry, and
daily complete blood cell counts were collected prospectively.
Daily pediatric intensity level of therapy (PILOT) scores were
also noted.

General management protocol

All patients received routine ICU care. Patients with moderate
TBI underwent frequent neurologic checks. Patients with se-
vere TBI were treated following the Society of Critical Care
Medicine Guidelines [16]. Children with mass lesions
underwent primary decompressive craniotomy with resection
of the mass lesion at the discretion of the neurosurgical attend-
ing physician. Other care included tracheal intubation, eleva-
tion of the head of the bed to 30°, and placement of an ICP
monitor. Ventriculostomy was placed when technically feasi-
ble. Subsequent cerebrospinal fluid (CSF) drainage was taken
if ventriculostomy was present. If ventriculostomy could not
be inserted, an intraparenchymal monitor was placed (Camino
or Licox, Integra Neurosciences, Plainsboro, NJ, USA). The
type of intraparenchymal monitor that was used was left to the
discretion of the neurosurgical attending physician.

All patients with severe TBI received sedation with infu-
sions of fentanyl and Versed that were titrated according to the
Faces, Legs, Activity, Cry, Consolability (FLACC) score. The
FLACC score is a standardized, validated measure of pain,
agitation, and sedation for children in the pediatric intensive
care unit [17, 18]. The target score was < 3. Sedation infusions
were increased by 10% every 10 min if FLACC scores were
above the goal.

Elevation in ICP (≥ 20 mmHg) despite adequate sedation
was treated with osmolar therapy followed by neuromuscular
blockade. A bolus dose of hypertonic saline (5 ml/kg of 3%
sodium chloride (NaCl)) was given initially. This was follow-
ed by a continuous infusion (starting at 1 ml/kg/h) to maintain
sodium levels in the range of 150–165 meq/L. If ICP was ≥
20mmHg and serum sodiumwas < 150meq/L, repeat boluses
of 5 ml/kg of 3% sodium chloride were given until serum
sodium level reached the goal range. For each bolus dose of
hypertonic saline required, the infusion was increased by 0.5–
1 ml/kg/h to maintain sodium in the target range. All patients
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requiring subsequent neuromuscular blockade underwent
continuous electroencephalogram (EEG) monitoring.

Careful control of ventilation (PaCO2 35–45 mmHg) was
undertaken in all patients. Second-tier therapies such as mod-
erate hyperventilation (goal PaCO2 30–35 mmHg), barbitu-
rate coma, and decompressive craniectomy were used for re-
fractory elevations in ICP. Age-appropriate cerebral perfusion
pressure (CPP) (neonates ≥ 40 mmHg, children 50–
60 mmHg, adolescents > 60 mmHg) was maintained using
fluid boluses to a central venous pressure > 10 cmH2O follow-
ed by an epinephrine infusion.

All patients admitted to our institution with a diagnosis of
traumatic brain injury have an automatic physical medicine
and rehabilitation consult at the time of admission. These pa-
tients are followed throughout their hospital course and when
deemed appropriate are admitted for inpatient rehabilitation
once acute inpatient needs have been completed.

Transcranial Doppler ultrasonography

Transcranial Doppler (TCD) ultrasonography was performed
at the participant’s bedside by one of two sonographers using a
2-MHz pulsed probe and commercially available TCD ultra-
sonography unit (Sonara Digital TCD, CareFusion,
Middleton, WI). The quality of the data obtained by TCD is
highly influenced by operator-dependent factors such as skill
and experience. Therefore, all TCD evaluations were per-
formed by two individuals trained and experienced in TCD
practices. Sonographers were tested on 10 standardized pa-
tients, and a coefficient of variation < 10% for each study
measurement was demonstrated. The middle cerebral arteries
(MCAs), extracranial internal carotid arteries (EC-ICAs), and
basilar arteries (BAs) were insonated at 1-mm intervals using
the method described by Aaslid and Lindegaard [18–22].
Participants underwent an initial TCD within 24 h of injury.
Daily ultrasounds were continued on all study participants
through hospital day 8, discharge, or death, whichever oc-
curred first. TCD examinations were only performed if no
changes to the ventilator had occurred or treatments to aug-
ment CPP had been given within the previous hour. All TCD
studies were downloaded and interpreted by co-investigators
blinded to the outcome of the study participant. Intra-class
correlations (ICCs) were used to examine intra-rater reliability
in the interpretation of TCD examinations, and adequate test-
retest reliability was met with ICC ≥ 0.75.

Diagnostic criteria

Low cerebral blood flow velocity was diagnosed when mea-
sured mean CBFVs were ≤ 2 standard deviations (SD) below
normal value for age and gender [23]. High cerebral blood flow
velocity was diagnosed when measured mean CBFVs were ≥ 2
SDs above the normal value for age and gender. Differentiating

high flow velocities from vasospasm was accomplished using
the Lindegaard ratio. The ratio of flow in the MCA to EC-ICA
is known as the Lindegaard ratio. In adult studies of patients
with angiographically confirmed vasospasm following sub-
arachnoid hemorrhage, values < 3 were most consistent with
hyperemia as a cause of elevated flow velocities, whereas
values > 3 were most consistent with vasospasm [21, 22]. No
validated criteria for the diagnosis of vasospasm measured by
TCD exist in children. Therefore, the adult diagnostic criteria
for vasospasm following SAH were extrapolated to the current
study and vasospasm was diagnosed in the anterior circulation
when the mean middle cerebral artery flow velocity (Vmca)
was ≥ 2 standard deviations (SD) above the age and gender
normal value and the LR was ≥ 3 [15].

Clinical outcome

Participants underwent neurodevelopmental testing 12 months
post-injury. All subjects completed the extended pediatric ver-
sion of the Glasgow Outcome Scale (GOS-E Peds). The GOS-
E Peds provides an age-appropriate, valid measurement of neu-
rologic outcome for infants and children less than age 18 years
with TBI [24]. The eight categories in the scale are (1) Upper
Good Recovery, (2) Lower Good Recovery, (3) Upper
Moderate Disability, (4) Lower Moderate Disability, (5)
Upper Severe Disability, (6) Lower Severe Disability, (7)
Vegetative State, and (8) Death. For this study, good neurologic
outcome was considered to be a GOS-E Peds score ≤ 4 (lower
moderate disability or better) and a poor neurologic outcome
was considered to be a score of 5–8 (upper severe disability or
worse). Additionally, all study participants alive in 12 months
post-injury underwent testing of a measure of overall cognitive
ability using age-appropriate, standardized, and validated mea-
sures (Bayley Scales of Infant Development-III for children
30 months of age or younger and age-appropriate Wechsler
Intelligence Scale for children older than 30 months of age).
Further testing involved appropriate tests for specific age
groups. Children ages 30 months and older underwent analysis
of specific cognitive abilities (verbal skills, nonverbal skills,
and processing speed) using Wechsler Intelligence Scale sub-
scales. Children age 6 and older had supplemental testing of
inhibitory control (vigilance subtest of the Gordon Diagnostic
System), working memory (Consonant Trigrams), and spatial
planning (Tower of London). Caregivers provided ratings of
adaptive functioning for all children using the Adaptive
Behavior Assessment System. In children age 3 and older, par-
ents also rated emotional and behavioral adjustment using the
Strengths and Difficulties Questionnaire.

Statistics

All analyses were conducted using SAS 9.3 (SAS Institute,
Cary, NC) with two-sided p values < 0.05 considered
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statistically significant. Comparisons between groups were
conducted using chi-squared or Fisher’s exact tests for cate-
gorical variables: t tests and one-way ANOVA (with a
Satterthwaite correction for unequal group variances where
necessary) or Wilcoxon rank sum tests and Kruskal-Wallis
tests for continuous variables.

Results

Eighty-three patients were screened. Six suffered injuries
deemed non-survivable and were excluded. An additional
two patients were excluded due to previously diagnosed de-
velopmental disability. In four patients, no parent was avail-
able to give consent and another two guardians refused to
consent for the study. Sixty-nine patients were enrolled and
underwent daily TCD of cerebral blood flow velocities.
Demographic, clinical, and radiographic characteristics of par-
ticipants are summarized in Table 1. The cohort consisted of
35 children with moderate TBI (defined as post-resuscitation
GCS of 9–12). Median GCS in this group was 10 (range 9–
12). Thirty-four children suffered severe TBI (defined as post-
resuscitation GCS ≤ 8) with a medianGCS in these children of
5 (range 3–8). There were no significant differences in hemat-
ocrit, mean arterial pressure, or PaCO2 between groups that

could account for alterations in measured flow velocities re-
ported below (data not shown). All 69 patients completed the
GOS-E Peds at 12 months post-injury. Four patients died, five
were in a persistent vegetative state, and three were severely
disabled 12 months from trauma so they could not complete
further neurodevelopmental testing beyond the GOS-E Peds.
Of the remaining 57, eight children failed to return for
neurodevelopmental testing leaving 49 participants that
underwent testing outlined above.

Low flow velocities (< 2 SD below age and gender normal)
were found in 6% (n = 4) of patients. Their day-to-day flow
velocities are shown in Fig. 1. Three of these patients died,
and one remained in a persistent vegetative state 1 year after
injury. Due to the relatively few patients with low flow veloc-
ities, clinical characteristics of patients with this pattern on TCD
examination could not be evaluated. Because of the poor out-
comes of these children, none completed neurodevelopmental
testing. Notably, no patient with a good neurologic outcome
(GOS-E Peds ≤ 4) had a single flow velocity measurement in
the low flow.

In the remaining children, normal flow velocities (± 2 SD
around age and gender normal) were seen in 43% (n = 30).
Day-to-day flow velocity measurements for these participants
are shown in Fig. 2. High flow velocities (> 2 SD above age
and gender normal with LR < 3) were identified in 23% of
children (n = 16), and high flow velocities with high LR that
we classified as vasospasm (> 2SD above age and gender
normal with LR ≥ 3) were identified in 28% (n = 19) (Fig. 3).

Children who developed high flow velocities with high LR
(Bvasospasm^ according to our criteria) were more likely than
those with high or normal flow to have been involved in a
motor vehicle accident (47 vs 6% (high flow velocity with low
LR) and 20% (normal flow velocity), p = 0.03), have lower
GCS scores (7 (IQR 6,9) vs 8.5 (IQR 6.5,10) (high flow ve-
locity) and 9 (8,10) (normal flow velocity), p = 0.01), experi-
ence hyperthermia in the intensive care unit (68 vs 44% (high
flow velocity) and 30% (normal flow velocity), p = 0.03),
have higher average PILOT scores (4.2 (IQR 2,9.25) vs 3.6
(IQR 2.33,6) (high flow velocity) vs 1.5 (IQE 1,3) (normal
flow velocity), p = 0.006), and have longer ICU stays (10 days
(IQR 7,14) vs 3 (IQR 1,5.5) (high flow velocity) vs 1 (IQR
1,3) (normal flow velocity), p ≤ 0.001) (Tables 2 and 3).
Children with normal or high flow without vasospasm were
not significantly more likely to have any specific clinical char-
acteristics than other types of flow velocities (Tables 2 and 3).

Of the 69 patients involved in the study, 30 were admitted
to acute inpatient rehabilitation. Patients were not admitted to
rehabilitation if they were under age 2 (n = 16), functioning at
too high or low a level to benefit from inpatient rehabilitation
(low functional status, n = 5, high functional status, n = 14), or
if they died (n = 4) as a result of their injuries. Themean length
of stay on rehabilitation was 29 days. Patients were discharged
once they had neared a functional plateau and when they were

Table 1 Clinical data of patients admitted with moderate to severe
traumatic brain injury (n = 69)

Characteristic Result

Mean age in years (SD) 7.37 (± 5.66)

Male, no. (%) 46 (67%)

Female, no. (%) 23 (33%)

CT findings*

EDH
SDH
IPH
IVH
SAH
Skull fracture
Diffuse Edema

9 (13%)
38 (55%)
42 (55%)
7 (10%)
16 (23%)
26 (37%)
24 (35%)

Mechanism of injury, no. (%)

Fall
Motor vehicle accident
Pedestrian vs auto
Abusive head trauma
Other

Mean Glasgow Coma Score (SD)
Mean Injury Severity Score (SD)
In-hospital mortality (%)

14 (20%)
18 (26%)
15 (22%)
16 (23%)
6 (9%)
8 (± 2.5)
21 (± 8.8)
4 (6%)

SD standard deviation, no. number, CT computed tomography, EDH epi-
dural hemorrhage, SDH subdural hemorrhage, IPH intraparenchymal
hemorrhage, IVH intraventricular hemorrhage, SAH subarachnoid
hemorrhage

*Most patients had more than one finding on CT scan
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at a level of function that would allow for safe home
discharge.

In children who suffered moderate TBI (GCS 9–12), 54%
had normal flow velocities and a good neurologic outcome
(GOS-E Peds ≤ 4) and 6% had normal flow velocities and a
poor neurologic outcome (Fig. 4). In this group, an additional
16% had high flow velocities and a good neurologic outcome
and 6% had high CBFV and a poor neurologic outcome
(Fig. 4). Twelve percent of children with moderate TBI and
vasospasm as we defined it had good neurologic outcomes,

and 6% had vasospasm with poor neurologic outcomes
(Fig. 4).

In children with severe TBI (GCS ≤ 8), four had low flow
velocities as noted above (3 died and 1 had a vegetative out-
come) (Fig. 5). Additionally, 18% had normal flow velocities
and good neurologic outcomes and 9% had normal flow ve-
locities with poor neurologic outcomes (Fig. 5). Twelve per-
cent of these children with severe TBI and high flow velocities
had good outcomes, 9% had a severe/vegetative outcome, and
3% died (Fig. 5). Patients with severe TBI and CBFVmeeting
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Fig. 2 Daily flow velocity
measurements in children
meeting criteria for normal
cerebral blood flow velocity
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Fig. 1 Daily flow velocity
measurements in children
meeting criteria for low cerebral
blood flow velocity. Three
children had progressive
decreased flow velocities despite
maximal medical and surgical
management of their traumatic
brain injury and died. One child
had initially decreased flow
velocities that improved but still
remained below the normal range
throughout the study period. This
child remained in a persistent
vegetative state
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our criteria for vasospasm had a good neurologic outcome
18% of the time and a poor outcome 21% of the time (Fig. 5).

The three groups of children (normal CBFV, high CBFV,
vasospasm) showed no significant differences in overall

cognitive ability, verbal skills, nonverbal skills, processing
speed, inhibitory control, working memory, spatial planning,
adaptive functioning, or emotional and behavioral adjustment
(data not shown).

Discussion

Aberrant CBF may serve as a prognostic indicator of neuro-
logic outcomes in children following TBI. Abnormal CBF
may also be an important therapeutic target for reducing sec-
ondary brain injury in this cohort. Previous clinical studies
have used xenon CT scans to characterize CBF, but this mo-
dality is no longer available. Therefore, the primary purpose
of this investigation was to characterize flow velocity patterns
on TCD following moderate to severe TBI and to determine if
specific changes in these flow patterns were associated with
neurodevelopmental outcomes. Our initial cohort involved 69
children, all of whom underwent daily TCD evaluation of
CBFVs and had GOS-E Peds scores obtained at 12 months
after injury. Additionally, 49 children underwent
neurodevelopmental testing to evaluate cognitive ability,
adaptive functioning, and emotional/behavioral adjustment
1 year post-injury.

We had several key findings. Across our entire cohort,
normal flow velocities were seen in 43% of children, high
flow velocities in 23%, high flow velocities meeting our
criteria for vasospasm in 28%, and low flow velocities in
6%. These findings are consistent with another study that
identified a heterogeneous response of CBF to TBI in children
[13]. In this other study, 49% of participants were noted to
have normal flow, 29% experienced hyperemia, and 22% had
low flow at variable time points from injury. In another study
involving 21 children, cerebral blood flow values varied con-
siderably within and between patients from day to day
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Fig. 3 Daily flow velocity
measurements in children
meeting criteria for vasospasm

Table 2 Clinical characteristics of three different flow velocity groups

Variable High
(n = 16)

Normal
(n = 30)

Vasospasm
(n = 19)

p value

n % n % n %

Age 0.834

0–29 months
30 months–6 years
6 years +

5
3
8

31
19
50

7
8
15

23
27
50

3
4
13

16
21
23

Mechanism 0.03

Fall
MVA
Peds vs auto
AHT
Other

4
1
5
6
0

25
6
31
38
0

9
6
6
6
3

30
20
20
20
10

1
9
4
2
3

5
47
21
11
16

Hypoxia in field 0 0 0 0 2 12 0.1311

Hypoxia in ER 1 6 1 3 1 6 > 0.999

Any hypoxia in ICU 0 0 1 3 1 5 > 0.999

Hyperthermia in field 0 0 0 0 0 0

Hyperthermia in ER 1 6 0 0 1 6 0.2783

Hyperthermia in ICU 7 44 9 30 13 68 0.0309

Cardiac arrest in field 1 7 0 0 1 6 0.2704

Cardiac arrest in ER or ICU 0 0 0 0 1 6 0.5238

Seizures in field 2 13 1 3 1 6 0.3525

Seizures in ER 2 13 2 7 2 12 0.6337

Any seizures in ICU 4 25 3 10 3 16 0.4112

Hypotension in field 1 6 0 0 1 6 0.2783

Hypotension in ER or ICU 3 19 2 7 3 18 0.4197

MVA motor vehicle accident, AHT abusive head trauma, peds vs auto
pedestrian versus automobile, ER emergency room, ICU intensive care
unit
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following admission for TBI [14]. These findings suggest that
no uniform cerebrovascular response to TBI is seen in chil-
dren. Identifying day to day changes in children’s CBFVafter
TBI may provide important insight into specific changes oc-
curring in their unique physiology.

Another key finding is that any child who experienced a
single low flow velocity (< 2 SD below age and gender nor-
mal) had a poor neurologic outcome (death or vegetative
state). Conversely, patients with consistently normal flow ve-
locities did not die and were more likely to have good out-
comes than those children with abnormal flow velocities.
Early hypoperfusion and the relationship with poor outcome
after TBI observed in our cohort mirrors the results of other
studies (10–11). Specifically, in these other studies, poor out-
come was seen uniformly if CBF was < 20 ml/100 g/min.

Additionally, children with favorable outcomes were more
likely to have higher CBF (61 ml/100 g/min in those with
good outcome compared to 46 ml/100 g/min in those with
poor outcome). These findings suggest that low CBFV likely
represents a prognostic variable that may aid in clinical
decision-making and in counseling families. Further studies
are needed to determine if it also represents a therapeutic target
that, if successfully treated, would improve outcomes in chil-
dren with traumatic brain injury. Potential interventions that
could be explored in children with low cerebral flow include
mechanical ventilator adjustments to allow arterial CO2 to rise
and subsequently cerebral blood flow to increase if intracrani-
al pressure (ICP) is adequately controlled. Another possible
option to explore would be if low cerebral flow can be im-
proved with more aggressive ICP management regardless of
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Fig. 4 Neurologic outcomes of
children with moderate traumatic
brain injury by flow velocity
category

Table 3 Clinical characteristics
of three different flow velocity
groups

Variable High (N = 16) Normal (N = 30) Vasospasm (N = 19) p value

Median IQR Median IQR Median IQR

GCS 8.500 (6.5,10) 9.000 (8,10) 7.000 (6,9) 0.0118

Min ICP 10.000 (5,10) 10.000 (10,15) 8.000 (6,9) 0.2403

Max ICP 16.000 (14,20) 18.000 (12,25) 17.000 (13,20) 0.8575

Ave ICP 10.750 (8,15) 12.292 (7.17,15.25) 12.250 (10.5,13.57) 0.7723

Age 5.250 (1.22,11.35) 8.140 (2.5,12.37) 8.700 (3.84,11.8) 0.6743

Ave PILOT Score 3.567 (2.33,6) 1.500 (1,3) 4.200 (2,9.25) 0.0055

ICU, days 5.000 (3.5,7) 5.000 (3,7) 10.000 (7,14) < .0001

IQR interquartile range, GCS Glasgow Coma Score, Min minimum, ICP intracranial pressure, Max maximum,
Ave average, ICU intensive care unit
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the absolute ICP value (i.e., even if ICP is at or below the
traditional goal of 20, would further treatments and reductions
of this ICP to < 10–15 help normalize cerebral flow).

In a previous report, we found worse neurologic outcomes
1 month from the time of injury (by GOS-E Peds scoring) in
children who met our diagnostic criteria for vasospasm than in
those children who did not [15]. Interestingly, when looking at
long-term neurologic outcomes 1 year from the time of injury,
children falling into this category of flow velocity seem to do
as well as children in other categories (excluding those chil-
dren with low CBFV). On further review of these 19 children
with vasospasm as we defined it, 16 of them underwent acute
inpatient rehabilitation (3 infants were excluded based on their
age being too young to benefit). Therefore, while they made
up only 28% of our entire cohort, children with vasospasm
made up more than 50% of the cases undergoing inpatient
rehabilitation.While there are a number of confounders (lower
admission GCS scores, higher PILOT scores in children with
vasospasm) that make definitive conclusions difficult to make,
an interesting consideration is that vasospasm in the ICU may
predict a lower level of functionality in the acute and subacute
phase. Even more importantly would be the consideration that
despite this, with aggressive rehabilitation, these children have
the potential to do equally well long-term from a
neurodevelopmental standpoint. Vasospasm too, if identified
and confirmed, may serve as a therapeutic target to decrease
secondary brain injury in some children. If ICP is relatively
well controlled, traditional triple-H therapy (hypertensive,
hypervolemic, hemodilution) or portions of triple H therapy
may be one option. If ICP is poorly controlled or a suspicion

that autoregulation is not intact is present, another therapeutic
option for vasospasmmay be direct or systemic calcium chan-
nel blockers [25].

A number of additional important limitations of the study
need to be considered. TCD is an indirect measure of cerebral
blood flow, and the correlation of TCD flow velocities with
absolute cerebral flow remains uncertain in pediatric patients.
One recent study in healthy adult patients found a strong pos-
itive correlation between regional cerebral blood flow on per-
fusion MRI when compared to TCD flow velocities, thus val-
idating Doppler measurements of CBF velocity as indicative
of CBF in adults [26]. Further studies similar to this are need-
ed in children and in those who have experienced cerebral
insult to determine the relationship between absolute cerebral
blood flow and TCD flow velocities in these populations.
Furthermore, in our study, concurrent measures of metabolic
demand were not obtained. Therefore, marked elevations in
CBFV cannot truly be called hyperemia and, similarly,
marked reductions do not necessarily prove ischemia has oc-
curred because definitive conclusions depend on the metabol-
ic state of the child at the time the TCD is performed.
Likewise, another important limitation to note is that TCD
criteria for vasospasm have never been validated in children
with traumatic brain injury. We extrapolated our TCD diag-
nostic criteria for vasospasm from studies in adult patients
who had angiographically confirmed vasospasm following
subarachnoid hemorrhage. Definitive confirmation of vaso-
spasm with angiography once meeting our diagnostic criteria
by TCD was not performed. However, six of the 19 children
had clinically indicated magnetic resonance arteriography
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(MRA) scans performed during the time vasospasm criteria by
TCD was met and all had a documented decrease in vessel
diameter between 50 and 75%. Two other children had noted
neurologic declines with GCS scores falling from 12 to 8 in
one child and from 8 to 5 in another child hours after vaso-
spasm was diagnosed based on our criteria. There were no
other imaging findings to suggest alternative causes to their
neurologic decline. Future studies should work to validate
these TCD criteria for vasospasm with angiography or, poten-
tially, MRA before widespread use of these criteria is adopted.
Furthermore, until TCD criteria for vasospasm are validated,
interventions for a child with TCD diagnosed vasospasm are
not indicated until the vasospasm is confirmed with a second-
ary test and until the treating team determines the degree of
vasospasm is clinically relevant.

Lastly, the cohort is relatively small, as already mentioned,
and only a small number of participants were identified with
each type of flow velocity pattern. This specifically is important
to note in the low cerebral flow group given that there were only
four children that fell into this category. In order to generalize
the statement that children with low flow measured by TCD
have poor outcomes, further larger studies with more patients
meeting these criteria need to be performed. Also, because of
the wide age range of subjects enrolled in the study, only a
limited number of neurodevelopmental outcome measures are
applicable for all participants. This makes comparison across
the group as a whole problematic and may have contributed to
our non-significant results on neurodevelopmental testing when
attempting to compare different flow velocity groups. Future
studies with larger numbers of children in each age group with
various flow velocity patterns may yield more robust informa-
tion regarding the impact of CBF changes on important
neurodevelopmental outcomes such as cognitive ability, verbal
and nonverbal skills, processing speed, inhibitory control,
working memory, spatial planning, adaptive functioning, and
emotional/behavioral adjustment. Additionally, we did not cor-
rect for multiple testing in our cohort as we did not find statis-
tically significant differences in neurodevelopmental outcomes.
However, future studies, if differences are identified, should
correct p values for multiple testing given the day-to-day vari-
ability in TCD flow velocity values and the number of
neurodevelopmental tests that are carried out.

Conclusions

CBFV alterations in individual children following TBI were
heterogenous. Low flowwas uniformly associated with a poor
neurologic outcome. Patients with good outcomes were more
likely to have normal flow. These results suggest CBFVsmea-
sured using TCDmay serve as a useful prognostic indicator in
children with TBI. Further studies are needed to determine if

these alterations may also serve as a therapeutic target to im-
prove neurologic outcomes in children with TBI.
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