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Abstract
Purpose Abusive head trauma (AHT) is the leading cause of fatal head injuries for children under 2 years. The objective was to
evaluate, using transcranial Doppler ultrasound (TCD), whether children with AHT have a similar neurovascular response to
injury compared with children without AHT.
Methods Retrospective sub-analysis of previously prospectively acquired data in a pediatric intensive care unit in a level 1
trauma hospital. TCD was performed daily until hospital day 8, discharge, or death. Neurologic outcome was assessed using the
Glasgow Outcome Scale Extended (GOS-E Peds) at 1 month from initial injury.
Results Sixty-nine children aged 1 day to 17 years with moderate-to-severe traumatic brain injury were enrolled. Fifteen children
suffered AHTand 54 had no suspicion for AHT. Fifteen children with AHT underwent 80 serial TCD examinations; 54 children
without AHT underwent 308 exams. After standardization for age and gender normative values, there was no statistically
significant difference in mean cerebral blood flow velocity of the middle cerebral artery (VMCA) between children with and
without AHT. There was no difference in the incidence of extreme cerebral blood flow velocity (CBFV, greater or less than 2
standard deviations from normative value) between groups. Within the AHT group, there were no statistically significant
differences in VMCA between children with a favorable (GOS-E Peds 1–4) versus unfavorable neurologic outcome (GOS-E
Peds 5–8).
Conclusion Children with AHT have no significant differences in VMCA or percentage of extreme CBFV in the middle cerebral
artery compared to with those without AHT.
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Introduction

Abusive head trauma (AHT) is a leading cause of death in
children under 2 years [6]. The Centers for Disease Control
and Prevention defines AHT as injury to the skull or

intracranial contents of children less than 5 years of age, due
to inflicted blunt impact and/or violent shaking, with specific
exclusion of unintentional injuries [19]. Compared with chil-
dren who suffer non-abusive head injury, children with AHT
have higher rates of death and morbidity [4, 7].

Mechanisms of injury in children suffering AHT can be
both impulsive (“non-impact forces generated by alternating
angular acceleration and deceleration of the cranial vault”) and
impact-loading forces (“direct application of force to the
head”) [24]. These forces may result in various patterns of
brain injury, which often co-exist in the same child: axonal
injury, parenchymal injury, skull fractures, and extra-axial
hemorrhage [6, 14, 24]. Children with AHT are at risk for
hypoxic-ischemic injury due to vascular compromise or as-
phyxia [18]. Furthermore, children with AHT may often be
exposed to repeated injury over time and may have acute,
subacute, and chronic injury at the time of presentation.
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Therefore, given the multiple potential contributors to injury
in AHT, it remains unclear if the neurovascular response, in-
cluding changes in cerebral blood flow velocity (CBFV) as
well as cerebral autoregulation, is different in children with
AHT compared with other forms of traumatic brain injury
(TBI).

Transcranial Doppler ultrasonography (TCD) uses low-
frequency ultrasound to measure CBFV in the vessels within
the circle of Willis. This non-invasive modality does not ex-
pose the patient to radiation, can be performed at the bedside,
allows for evaluation of cerebral hemodynamics in real-time
and for repeated measurement. Following severe TBI, cere-
bral blood flow may be dysregulated, often having an initial
period of hypoperfusion followed by hyperemia [22]. Studies
using TCD in children with severe TBI have shown that ab-
normal CBFV may be associated with poor outcome [11].
However, many studies exclude children with AHT, as the
mechanism and resultant central nervous system injuries
may be different. As such, there is a paucity of literature de-
scribing the neurovascular response in children with AHT.

Therefore, we aimed to use TCD to evaluate the CBFV in
children suffering AHT. We hypothesized that children with
AHT would have higher rates of extreme CBFV (defined as
greater or less than 2 standard deviations from normative
values) and unfavorable neurologic outcome compared with
children with non-abusive head trauma. We further hypothe-
sized that within the cohort of children with AHT, those with
unfavorable neurologic outcomes would have higher rates of
extreme CBFV compared with those with favorable outcome.

Methods

This retrospective sub-analysis was performed on data previ-
ously prospectively acquired as a study of children with TBI
that was performed at a level 1 pediatric trauma center [17].
The parent study was approved by the institutional review
board and informed consent was obtained prior to patient en-
rollment. Children 1 day to 17 years of age, who were admit-
ted to the pediatric intensive care unit (PICU) with a diagnosis
of moderate or severe TBI, with abnormal head imaging, were
eligible for inclusion. Children were excluded if they were
deemed to have a non-survivable injury with a Glasgow coma
score (GCS) of 3Twith fixed and dilated pupils, and death was
imminent.

Demographic data were extracted from the medical record,
including age, gender, mechanism of injury, injury severity
score (ISS), and post-resuscitation GCS [9]. Head imaging,
laboratory data, surgical intervention, and the medication ad-
ministration record were reviewed.

All children with TBI received similar care. Children with
severe TBI were treated according to severe TBI management
guidelines [10]. Neurosurgical intervention, including mass

lesion resection, a primary decompressive craniectomy, or
placement of an intracranial pressure monitor was at the dis-
cretion of the neurosurgical team. All children with suspicion
for AHT underwent skeletal survey, ophthalmologic examina-
tion, and assessment by a child abuse expert. Rotterdam and
Marshall scores were calculated based upon initial head im-
aging read by a pediatric radiologist.

Transcranial Doppler ultrasonography

TCD was performed at the patient’s bedside by one of two
experienced sonographers using a commercially available
TCD ultrasonography unit (Sonara Digital TCD; Care
Fusion, Middleton, WI) with a 2-MHz transducer. Initial
TCD was performed within 24 h of injury and daily thereafter
until hospital day 8, discharge, or death, whichever occurred
first. The middle cerebral arteries (MCAs) and basilar artery
(BA) were insonated at 2-mm intervals using previously de-
scribed methods [1, 12]. The depth and angle of insonation
giving the highest mean flow velocity and best waveform was
chosen. The mean cerebral blood flow velocity (VMCA) was
recorded on both the right and left side. The bilateral VMCA

data was then averaged for one composite value. The
pulsatility index, calculated on the TCD unit using the equa-
tion: (Vsystolic − Vdiastolic)/VMCAwas noted. TCD was only per-
formed when no changes to the ventilator or interventions to
maintain cerebral perfusion pressure had occurred within the
previous hour. Physicians caring for these children were
blinded to TCD findings.

Since CBFV varies with age and gender, VMCAwas report-
ed as standard deviations from previously published norma-
tive values for children of similar age and gender. Intubated
patients were compared with critically ill, intubated, and se-
dated children without neurologic illness or injury; after
extubation, patients were compared with healthy children of
similar age and gender [3, 16]. Children with VMCA greater or
less than 2 standard deviations from their age and gender
normative values were labeled as having extreme CBFV.

Cerebral autoregulation was investigated using the tran-
sient hyperemic response ratio (THRR), a dynamic method
of autoregulation testing that involves a direct challenge to
the cerebral vasculature [20]. Based on previously published
values for critically ill children without neurologic illness or
injury, a THRR ≥ 1.035 was defined as intact whereas a value
< 1.035 was non-intact cerebral autoregulation [13].

Outcome

Short-term neurologic outcome was assessed using the
Glasgow Outcome Scale Extended Pediatric Version (GOS-
E Peds) 1 month from the initial injury [2]. The GOS-E Peds is
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a validated measure of short-term neurologic outcome (typi-
cally performed at 3 or 6 months following injury) and clas-
sifies patients into: 1) upper good recovery, 2) lower good
recovery, 3) upper moderate disability, 4) lower moderate dis-
ability, 5) upper severe disability, 6) lower severe disability, 7)
vegetative state, and 8) death. A priori outcomes were dichot-
omized into those with a favorable outcome (1–4) and unfa-
vorable neurologic outcome (5–8).

Statistical analysis

Initial data analysis was performed with the entire cohort and
further subdivided by TBI severity (moderate or severe) and
presence or absence of a diagnosis of AHT. Patients with AHT
were further analyzed based on neurologic outcome, dichoto-
mized as favorable neurologic outcome versus unfavorable
neurologic outcome. Descriptive continuous data were report-
ed as median with first and third quartiles, and categorical data
were reported as percentage. Univariate analysis was per-
formed using the Mann-Whitney for continuous variables
and Fisher’s Exact for categorical variables. Comparison of
the partial pressure of carbon dioxide, hematocrit, hyperther-
mia incidence, incidence of extreme blood flow velocity, and
intact cerebral autoregulation over time between groups was
performed using linear and binomial mixed effects models,
with Holm-Sidak corrections for multiple comparisons where
warranted. For all mixed effects models, a group × time

interaction was first evaluated. Where the interaction was
deemed probable (p < 0.10), daily group differences were test-
ed; when the interaction p value was > 0.10, average values
over time were compared between groups. Statistical signifi-
cance for all other tests was assumed with p ≤ 0.05. Statistical
analysis was performed using GraphPad Prism 7, SAS 9.4, or
Microsoft Excel.

Results

Sixty-nine children with moderate-to-severe TBI were includ-
ed. Fifteen children suffered AHT, and 54 had no suspicion of
AHT. Demographic and clinical data are present in Tables 1
and 2. The median initial GCS was 9 in both groups. Nearly
half of children in both groups had severe TBI (47% with
AHT and 48% without). Within the AHT group, all patients
had a component of subdural hemorrhage, 13/15 (87%) had
retinal hemorrhages, 3/15 (20%) had rib fractures, 2/15 (13%)
had a liver laceration, 2/15 (13%) had vertebral fractures, 1/15
(6.7%) had an ulnar fracture, and 1/15 (6.7%) had spinal cord
transection. Most (93%) children with AHT underwent elec-
troencephalogram monitoring, 4 had clinical seizures alone
and 7 had both clinical and subclinical seizures. Seventy-
three percent of children with AHT experienced at least one
seizure whereas only 3% of those with non-AHT had a seizure
(p < 0.0001). The median GOS-E Peds for children without

Table 1 Demographic, clinical,
and radiographic characteristics
of all children with moderate-to-
severe TBI who underwent trans-
cranial Doppler ultrasound.
Medians with interquartile ranges
are shown when applicable

AHT (n = 15) Non-AHT (n = 54) p value

Age (years) 0.33 (0.24, 0.58) 10.2 (4.52, 12.85) < 0.0001

ICP monitors 4 (20%) 20 (37%) 0.55

GCS 9 (6, 10.5) 9 (7, 9.75) 0.76

Gender 80% male

20% female

70.4% male

29.6% female

0.53

Race Caucasian: 73%

African American: 27%

Hispanic: 0%

Asian: 0%

Other: 0%

Caucasian: 70.4%

African American: 24%

Hispanic: 3.7%

Asian: 0%

Other: 1.9%
Marshall 3 (2.5, 6) 3 (2, 5) 0.33

Rotterdam 3 (2, 3.5) 2 (2, 3) 0.45

ISS 16 (11.5, 28.3) 22 (15.5, 26.5) 0.25

Seizures 11 (73.3%) 2 (3.7%) < 0.0001

Cardiac arrest 1 (6.7%) 3 (5.5%) > 0.99

PICU LOS (days) 6 (4, 7) 6 (4, 9) 0.47

GOS-E Peds 5 (1, 5) 3 (1, 5) 0.58

Mortality rate 1 (6.7%) 2 (3.7%) 0.53

TBI, traumatic brain injury; AHT, abusive head trauma; non-AHT, non-abusive head trauma; ICP, intracranial
pressure monitor; GCS, Glasgow Coma Score; ISS, injury severity score; PICU, pediatric intensive care unit;
LOS, length of stay
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AHTwas 3 (1, 5) compared with 5 (1, 5) in those with AHT
(p = 0.58).

Eighty serial TCD studies were performed in the AHT
group, with an average of 5.8 studies/patient. Three hundred
six studies were performed in children without AHT, with an
average of 5.7 studies/patient. After standardization for gender
and age normative values, using a mixed effects model, there
was no significant difference in VMCA for children with AHT
versus those with non-AHT on a daily basis (p = 0.9265) or
averaged across time (p = 0.3405) (Fig. 1). There was no sig-
nificant difference in the percentage of extreme CBFV be-
tween groups (Table 3). There was no significant daily differ-
ence in the pulsatility index of the MCA between groups (p =
0.243), nor was there a difference when averaged across time
(p = 0.1347). Basilar artery flow was not different between
groups (p = 0.6245) when all data points were combined nor
when averaged across time (p = 0.5335).

The initial analysis was performed with both moderate and
severe TBI patients combined. Further analysis of children with
severe TBI (7 children in the AHT group and 26 in the non-AHT
group) revealed no statistically significant daily differences in
VMCA between groups (p value = 0.9683), nor a significant differ-
ence when values were averaged over time (p = 0.9390).
However, 21% of studies in the AHT group had extreme CBFV
versus 37% in the non-AHT group (p= 0.2020, Fig. 2). Analysis
of children with moderate TBI (AHT versus non-AHT) showed
no significant differences (p= 0.7978) nor when values were av-
eraged over time (p= 0.1778). There was no statistically signifi-
cant difference between groups when evaluating the incidence of
extreme CBFV (30% in AHT and 30% in non-AHT moderate
TBI groups, p= 0.7884).

In children with AHT, there were no significant differences
between the standardizedVMCA in childrenwith a favorable versus
unfavorable neurologic outcome (p= 0.3509). Furthermore, there
was no significant difference in the percentage of extreme CBFV
(p= 0.8748). There was no significant difference in basilar artery
flow velocity between groups (p= 0.7012).

When evaluating all TCD studies, 43% of studies with
AHT versus 53% of studies in children without AHT had
intact cerebral autoregulation based upon the THRR (p =
0.4345, Table 4). When evaluating children with AHT by
neurologic outcome, there was no difference in the total per-
centage of studies with intact autoregulation (48% of favor-
able studies versus 37% of unfavorable studies had intact
autoregulation, p = 0.5607).

Discussion

Abusive head trauma kills children worldwide. In the USA
wq21 alone, there is a 20% mortality rate for children under
2 years of age [24]. Survivors of AHT are often left with sig-
nificant morbidity, including motor deficits, visual impairment,Ta
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cognitive deficits, speech impairment, seizures, and behavioral
disorders [15]. In a cohort of 940 children with AHT, 72% had
significant long-term disability 5 years after injury [15]. Given
the significant impact on bothmortality and long-term function-
ing, it is imperative that clinicians gain a better understanding of
the acute cerebral hemodynamics following AHT to evaluate
for potential treatment opportunities.

Transcranial Doppler ultrasound is one modality that pro-
vides a non-invasive window into the brain’s cerebral hemo-
dynamics. This modality may be helpful to elucidate changes,
particularly when there are no invasive modalities used or
available. To our knowledge, this is the first reported study
to evaluate TCD parameters in a cohort of children with AHT.
When evaluating VMCA in children with and without AHT,
there was no significant difference in values standardized for
age and gender nor in the percentage of extreme CBFV be-
tween groups. While not statistically significant, when ana-
lyzed by severity of TBI, we did see that within the severe
TBI group, children with AHT had lower rates of extreme
CBFV compared with the non-AHTcohort. This is in contrast
to our hypothesis and warrants further investigation. Children
at risk for repetitive injury may have less of a hyperemic
response to an acute traumatic event. In a mouse model of
repetitive closed-head injury (once daily for 5 days), cerebral
blood flow was reduced following injury and did not return to
baseline for 72 h [5]. It is unclear how these findings translate
to humans, but if similar findings are present, this may be a
preliminary explanation for the slight differences seen in ex-
treme CBFV within the severe TBI group.

We aimed to identify if specific transcranial Doppler ultra-
sound findings were associated with neurologic outcome in
children with AHT. There were no statistically significant dif-
ferences seen in either median VMCA or the percentage of
extreme CBFV between children with AHT and a favorable
or unfavorable neurologic outcome. This is in contrast to prior
adult studies of severe TBI patients in which patients with
normal TCD data had lower rates of death and higher rates
of a good or normal neurologic outcome compared with pa-
tients with either hypoperfusion or vasospasm [23, 25].
However, the number of children within our cohort suffering
AHT was small, and our cohort included both moderate and
severe TBI.

Similar to the VMCA data, there were no significant differ-
ences in the percentage of studies with intact autoregulation
between children with or without AHT, or within the AHT
group dichotomized by neurologic outcome. This is in con-
trast to a prior adult study of closed-head injury where those
with unfavorable outcomes had lower THRRs than those with
favorable outcomes [21]. However, we evaluated autoregula-
tion as a categorical variable based on the presence or absence
of intact autoregulation. In addition, we investigated autoreg-
ulation solely once per day, whereas continuous autoregula-
tion monitoring may provide further insight to the brain’s
autoregulatory response on an hour by hour basis.

When evaluating our data, it is worth mentioning that with-
in our cohort, no child had documented suspicion for prior
abusive injury. Therefore, it remains unclear as to whether
our cohort presented with solely acute or acute on chronic

Table 3 Percentage of studies
with extreme blood flow velocity
for children with abusive versus
non-abusive head injury

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8

AHT 13.3% 28.6% 28.6% 25% 20% 28.6% 50% 50%

Non-AHT 15.7% 32.7% 28.6% 35.7% 47.2% 51.5% 38.5% 35.3%

p value 0.2783

AHT, abusive head trauma; non-AHT, non-abusive head trauma

Fig. 1 VMCA in children with and
without abusive head injury.
Abbreviations: AHT, abusive
head trauma; VMCA, mean
cerebral blood flow velocity in the
middle cerebral artery
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head injury. It is unknownwhether children with chronic AHT
would have similar findings to our cohort. This is an inherent
limitation of the field as often when there is suspicion for
abuse, interventions are taken to place the child in a safe en-
vironment. It may be possible to begin to understand the ce-
rebral hemodynamics of chronic head injury by comparing
VMCA in children with acute subdural hemorrhage with those
with evidence of both acute and chronic subdural hemorrhage
on initial imaging. Children at risk for repetitive head injury,
such as athletes with repeated concussions, may serve as an
alternative population in which one could further elucidate the
longitudinal TCD changes attributed to chronic head injury.

In general, the results of this study were in contrast to our
hypothesis. When combining THRR and VMCA data, this
study suggests that children with AHT have a similar
neurovascular response to trauma, as measured by TCD, to
children without AHT. However, our study evaluated a cohort
of children with both moderate and severe TBIs. To better
inform the literature regarding changes in transcranial
Doppler ultrasound of children with AHT, a multi-center
study would likely be needed, ideally evaluating children with
moderate and severe TBIs separately. When evaluating those
with severe TBI due to AHTalone, there may be alterations in
cerebral hemodynamics that we were unable to fully evaluate
in this study. Furthermore, there may be factors outside the

neurovascular response to injury, such as a combination of
traumatic and asphyxia injury that occur in children with
AHT that contribute to their significant and increased morbid-
ity and mortality compared with trauma from other etiologies.
One could hypothesize that the significant difference in sei-
zure incidence in our cohort, consistent with prior studies,
may suggest that seizure burden may have a significant role
in outcome [8].

Our study has several limitations. This single-center retro-
spective study had a small sample size, which limited our
ability to detect a significant difference between categories.
TCD was performed once daily while continuous monitoring,
though more resource intensive, may provide additional in-
sight. Future studies should further evaluate the acute cerebral
hemodynamics in children with AHT in a larger sample size
and consider the use of continuous TCD monitoring as it may
show individual variability with both VMCA and autoregula-
tion on an hour by hour basis not captured by intermittent
monitoring. In addition, we compared children with AHT
and a median age of approximately 4 months with children
without AHTwith a median age of 10 years. Only three chil-
dren in the non-AHT group were under 2 years of age. We
attempted to control for this by standardizing each patient’s
VMCA data to that expected for a child of similar age, gender,
and the presence/absence of invasive mechanical ventilation.

Fig. 2 Extreme CBFV in severe
TBI only. Abbreviations: AHT,
abusive head trauma, CBFV,
cerebral blood flow velocity, TBI,
traumatic brain injury

Table 4 Percentage of studies
with intact cerebral autoregulation
(THRR ≥ 1.035)

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8

AHT total (n = 15) 33% 50% 27% 50% 60% 50% 50% 50%

AHT favorable (n = 7) 25% 50% 25% 50% 100% 50% 100% 50%

AHT unfavorable (n = 8) 40% 33% 29% 50% 33% 50% 100% n/a

Non-AHT (n = 54) 50% 46% 58% 59% 53% 63% 36% 56%

p value AHT versus Non-AHT 0.4345

p value AHT and outcome 0.5607

AHT, abusive head trauma; non-AHT, non-abusive head trauma
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Future studies should compare children under 2 years with
and without AHT to ensure that age alone does not negate
specific changes to the neurovasculature in this population.
Lastly, we were limited to short-term neurologic outcome da-
ta, and longer follow-up would likely be more informative.

Conclusions

In a small study of children with AHT, there were no statisti-
cally significant differences in VMCA or percentage of extreme
CBFV compared with those without AHT. When comparing
children with AHT based on neurologic outcome, there was
no difference in flow velocity in the MCA or basilar artery.
There was no difference in the percentage of studies with
intact autoregulation based upon the presence or absence of
AHT, or neurologic outcome within the AHT group. Future
studies with a larger sample size are needed to further evaluate
the TCD findings in children with AHT, with an aim to eluci-
date the contribution of chronic head injury on the acute
hemodynamics.
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