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Abstract

Background: The relationship between cerebral autoregulation and outcomes in pediatric
complex mild traumatic brain injury (TBI) is unknown, and explored in this study.

Methods: We conducted a prospective observational study of patients aged 0-18 years
hospitalized with complex mild TBI (admission Glasgow Coma Scale score 13-15 with either
abnormal computerized tomogram of the head or history of loss of consciousness). Cerebral
autoregulation was tested using transcranial Doppler ultrasonography, and impaired autoregulation
defined as autoregulation index < 0.4. We collected Glasgow outcome scale extended-pediatrics
score and health-related quality of life data at 3, 6, and 12 months after discharge.

Results: 24 patients aged 1.8 to 16.6 years (58.3% male) with complete 12-month outcome

data were included in the analysis. Median admission Glasgow Coma Scale score was 15 (range
13-15), median injury severity score was 12 (range 4-29) and 23 patients (96%) had isolated

TBI. Overall, 10 (41.7%) patients had impaired cerebral autoregulation. Complete recovery was
observed in 6 of 21 (28.6%) children at 3 months, in 4 of 16 (25%) children at 6 months, and

in 8 of 24 (33.3%) children at 12 months. There was no difference in median [interquartile

range] Glasgow outcome scale extended-pediatrics score (2 [2.3] vs. 2 [IQR 1.3]) or health-related
quality of life scores (91.5 [21.1] vs. 90.8 [21.6]) at 12 months between those with intact and
impaired autoregulation, respectively. Age-adjusted hypotension occurred in 2/24 (8.3%) patients.
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Conclusion: Two-thirds of children with complex mild TBI experienced incomplete functional
recovery at one year. The co-occurrence of hypotension and cerebral autoregulation may be a
sufficiency condition needed to affect TBI outcomes.

Keywords

Cerebral autoregulation; pediatrics; complex mild traumatic brain injury; Glasgow outcome scale-
extended; health-related quality of life

Introduction

Traumatic brain injury (TBI) is a leading cause of death and disability in children of all

age groups except infants < 1 year of age.! In 2014, there were 2.87 million TBI-related
emergency department visits, hospitalizations, or deaths in the US; over 837,000 TBI-related
emergency visits occurred among children, of which 23,000 required hospitalization.2 The
majority of hospitalizations were for children with mild TBI.3

Despite the traditional categorization of TBI as mild, moderate, or severe for care and
prognostication purposes, clinical TBI severity varies within these stratifications, and there
is an overlap in phenotype between categories.* Additionally, patients do not uniformly
achieve complete recovery even within categories, such as mild TBI.>~7 This may be
because even within the mild TBI category, there is a more serious subset wherein patients
are hospitalized for observation and have abnormalities on neuroimaging; these patients are
often deemed to have complex mild TBI. TBI severity is usually categorized into these
structurally distinct but functionally overlapping categories by admission Glasgow Coma
Scale (GCS) scores. Although patients with complex mild TBI are a subset of those with
mild TBI, data on post-discharge outcomes from patients with complex mild TBI have

been combined with patients with mild TBI who may be evaluated and discharged without
admission to hospital. Additionally, published studies lack quality of life data and/or only
examined short-term outcomes.82 The largest study of complex mild TBI published in 2011
showed that patients with mild TBI and intracranial hemorrhage had a substantial reduction
in quality of life, participation in activities with others, and communication and care for
themselves at three months after injury’. Since recovery after mild TBI is variable, with
many children having residual long-term needs,° and since children with complex mild TBI
may have more significant TBI, there is an unmet need to understand outcomes of children
specifically with complex mild TBI.

Cerebral autoregulation status may affect outcomes after severe TBI.11-13 However, little

is known about whether and how cerebral autoregulation affects long-term functional
outcomes in children with complex mild TBI. Studies of pediatric TBI show that cerebral
autoregulation is often impaired in higher TBI severityl# and low GCS. In moderate-severe
pediatric TBI, impaired cerebral autoregulation is common and associated with poor 12-
month outcomes.11-13.15.16 gystolic hypotension is also an independent predictor of poor
six-month outcomes in moderate-severe TBI in children.1® Although cerebral autoregulation
is a protective homeostatic mechanism that typically maintains adequate and near-constant
cerebral blood flow, systemic hypotension after TBI can result in cerebral hypoperfusion
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or ischemia if mechanisms that govern cerebral autoregulation are only minimally or
moderately impaired. Prior work has shown that impaired autoregulation occurs commonly
in adolescents admitted with a sports-related concussion,1’ and in children with complex
mild TBI,14 and that there is no relationship between cerebral blood flow velocities and
outcomes 4-6 weeks after injury.2 However, the association between autoregulation status
and long-term functional outcomes has not been studied. The specific aim of this study
was to examine the association between static cerebral autoregulation measured by the
autoregulatory index (ARI) during the first week after TBI and long-term outcomes in
children with complex mild TBI.

The University of Washington’s Human Subjects Division approved this prospective
observational study on December 1, 2015 (Study number 35291-D). Informed consent was
obtained from parents/legal guardians, and assent was obtained from patients.

Children aged 18 years or younger with a diagnosis of complex mild TBI (defined as
admission GCS 13-15 with either abnormal head computerized tomography [CT] scan or
history of loss of consciousness) and no or mild extracranial injury (non-head abbreviated
injury score 0-3) who were admitted consecutively to the pediatric intensive care unit at
Harborview medical center (level 1 pediatric trauma center) were eligible for inclusion in
this study. Enrollment into the study began in January 2016 and continued until September
of 2017. Twelve-month follow-up was completed in September 2018.

Autoregulation testing

Cerebral autoregulation was assessed using transcranial Doppler (TCD) ultrasound and

tilt testing during the first week after admission as previously described. In brief, a
change in head and back position from supine to upright serves as a cerebral autoregulatory
stimulus.1# For the relatively upright position, the vertical distance between a noninvasive
blood pressure cuff and the external auditory meatus was used to calculate the estimated
mean arterial pressure (MAPe) at the Circle of Willis. Mean arterial pressure decreases

by 1 mm Hg for every 1.36 cm increase in vertical height, so the change in height from
supine to upright position was divided by 1.36 to calculate MAPe in the sitting position.17-19
A target 10 mmHg decrease in MAPe between supine and upright positions served as

the autoregulatory stimulus during testing. The ARI for each middle cerebral artery was
calculated off-line as previously described.1” Mathematically, cerebral autoregulation was
quantified using the ARI as follows:

%eCV R

ARD = - 3 APe

where eCVR is estimated cerebrovascular resistance calculated as the ratio of mean arterial
pressure to middle cerebral artery blood flow velocity as appropriate. Thus, ARI is equal to
the percentage of change in estimated cerebrovascular resistance divided by the percentage
of change in cerebral perfusion pressure. An ARI of 0 represents absent autoregulation
(pressure-dependent middle cerebral artery blood flow velocity),13:20 whereas an ARI of 1.0
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represents perfect autoregulation. For the purpose of statistical analysis, we dichotomized
ARI into intact and impaired cerebral autoregulation; impaired cerebral autoregulation was
defined as unilateral or bilateral ARI less than 0.4.21 Systolic hypotension was defined as
systolic blood pressure < (70mmHg + 2 [age]).

Data collection

Demographic data, including age, sex, Injury Severity Score, admission GCS, intensive
care unit and hospital length of stay, GCS at discharge, mechanism of injury, loss of
consciousness before admission to hospital, intracranial pathology on cranial CT scan,
maximum abbreviated injury score for head and non-head regions, and contemporaneous
blood pressure data within 24 hours of TCD examination, were retrospectively abstracted
from the electronic medical records.

Outcome measures

Glasgow Outcome Scale Extended-Pediatrics (GOSE-P) score?3.24 and health-related
quality of life (HRQOL) were assessed at 3, 6, and 12 months after hospital discharge by

a trained assessor blinded to the results of the autoregulation status. The assessments were
conducted via the telephone or by mail, and responses were provided by the child’s parent
or guardian. The GOSE-P is an 8-point score that categorizes outcomes: 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 the
purposes of this study, outcome was dichotomized into complete recovery (GOSE-P =1) and
incomplete recovery (GOSE-P > 2).25.26 The Pediatric Quality of Life (PedsQL) Inventory
was used to measure HRQOL.2” The PedsQL includes 23 questions that test physical
functioning (8 items), emotional functioning (5 items), social functioning (5 items), and
school functioning (5 items). Three summary scores were computed - psychosocial health
summary score, physical health summary score, and total scale score. The psychosocial
health summary score is an average of emotional, social, and school functioning. The
physical health summary score is calculated as the sum of scores in physical functioning
divided by the number of answered items. The total score (ranging from 0 to 100) is an
average of all functioning, with a higher score indicating higher function.

Statistical analysis

Results

Stata version 16 was used for statistical analysis.28 Student’s t-test and Fisher exact test were
used to analyze differences in patient characteristics, cerebral autoregulation status, clinical
data between complete and incomplete recovery groups, and to assess the difference in
functional outcomes between impaired and intact autoregulation groups. Data are presented
as mean + standard deviation, and median (range). p <0.05 reflects statistical significance.

Of 31 patients enrolled into the study, 24 with complete 12-month GOSE-P and HRQOL
outcome data were included in the analysis (Figure 1). All 24 patients were discharged alive.
Nineteen of the 24 patients (79.2%) received follow up at three months, 15 (62.5%) at six
months, and 24 (100%) were at twelve months.
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Patients were aged between 1.8 and 16.6 years, 58.3% (14/24) were males, 96% (23/24), had
isolated head injury, median admission GCS was 15 (range 13-15), median Injury Severity
Score was 12 (range 4-29), and 45.8% (11/24) experienced a loss of consciousness before
admission to hospital. The most common cause of injury was fall (45.8%), and subdural
hematoma (45.8%) was the most common intracranial pathology. Patients with complete
(GOSE-P =1) and incomplete (GOSE-P > 2) recovery had similar demographics, injury
mechanism and severity, CT head findings, cerebral autoregulation status, and intensive care
unit and hospital length of stay (Table 1). Age-adjusted systolic hypotension occurred in 2 of
24 (0.08%) patients.

A total of 42 TCD examinations were performed during the first week after initial admission
to hospital. The median (range) TCD examinations per patient was 2 (1-4), and the first
TCD assessment was performed on admission day 2 (1-4).

Recovery profiles

Twelve-month GOSE-P scores stratified by cerebral autoregulation status are summarized in
Figure 2. Fourteen (58.3%) of the 24 children had intact cerebral autoregulation during the
first week after initial hospital admission, of whom 12 had outcome assessments at both 3
and 12 months after discharge. Amongst these 12 patients, three had complete recovery, two
had good outcome at both three and 12 months, and one patient’s clinical state deteriorated
between three and 12 months. Amongst those with incomplete recovery at three months (n
=9), three patients had recovered completely at 12 months, while the remaining six did not
improve after three months.

Ten (41.7%) of the 24 patients had impaired autoregulation during the initial hospitalization,
of whom seven patients had follow-up assessments at three and 12 months. Amongst these
seven patients, three had complete recovery at three months, two unchanged between three
and 12 months, and one patient’s clinical state worsened after three months. Of the four
patients with incomplete recovery at three months, one improved while the others did not
improve after 3 months.

Two of five (40%) patients with admission GCS 14, and six of 18 (33.3%) patients with
admission GCS 15, had complete recovery at 12 months. The single patient with admission
GCS 13 did not recover completely. Twelve-month GOSE-P scores stratified by admission
GCS are summarized in Figure 3.

Outcomes and cerebral autoregulation status

There were no differences in physical health summary score, psychosocial health summary
score, and total scale score between impaired and intact autoregulation groups at three, six,
and 12 months (Table 2). Emotional, school, and social functioning at three, six, and 12
months were also similar between both groups.

Discussion

We examined the association between static cerebral autoregulation measured by the ARI
during the first week after TBI and long-term outcomes in children with complex mild TBI.
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The main findings of this study are: 1) the majority of children had incomplete recovery
after one year; 2) recovery trajectories varied, and; 3) there was no association between
cerebral autoregulation and neurological recovery. This study is the first to examine and
understand the implications of impaired cerebral autoregulation and long-term outcomes in
children with complex mild TBI, and hypothesizes that the co-occurrence of hypotension
and impaired cerebral autoregulation may be a sufficiency condition needed to affect TBI
outcomes.

While the children with complex mild TBI in this study had reassuring GCS both at hospital
admission and discharge, intermediate and long functional outcomes varied between patients
and over the 12 months of follow-up. The fact that some children and adolescents continued
to deteriorate over time may be due to a myriad of reasons, such as failure of recovery
response mechanisms, evolving brain injury, and/or lack of access to ongoing medical
treatment or rehabilitation. Discharge to home or reassuring discharge GCS may not be
reliable markers of long-term outcomes in children and adolescents with complex mild

TBI as the observed variability in recovery trajectory2® adds to the argument that there is
significant heterogeneity in course and outcomes within the mild TBI severity category.30-35

While the mean total PedsQL inventory score was higher in this study compared with
previously reported work,” we included patients hospitalized with skull fractures which
may have contributed to higher HRQOL scores. However, this is not a limitation per se
because patients with skull fractures may be discharged from the emergency department or
admitted to hospital based on fracture characteristics and clinical status, and may also have
incomplete long-term recovery.

Recovery after complex mild TBI has previously been reported but not in relation to
cerebral autoregulation status.39-3% Reports suggest that cerebral autoregulation is impaired
in over 40% of children and adolescents hospitalized with TBI, whether complex mild
TBI,24 moderate TBI, or severe TBI. Unlike prior studies which report an association
between impaired cerebral autoregulation and poor outcomes after moderate-severe pediatric
TBI,11-13 we did not find an association in our patient cohort with complex mild TBI. There
may be several reasons for this. First, age < 1 year has been implicated as a risk factor for
both impaired cerebral autoregulation and poor functional outcomes, but our cohort did not
end up enrolling infants. Second, although we restricted the study to children with no or
relatively minor extracranial trauma, mechanisms other than impaired autoregulation* may
have contributed to incomplete long-term recovery. Third, we excluded patients with severe
extracranial injuries which are more common in those with moderate-severe TBI and which
may contribute to second insults such as hypotension that can exacerbate brain injury due to
cerebral ischemia. Fourth, our sample size may be too small to show an association between
impaired cerebral autoregulation in isolation as a risk factor for poor long-term outcomes.

There is another potential explanation for our observed lack of association between impaired
cerebral autoregulation and poor outcomes that merits discussion. Hypotension, which is
more common in moderate-severe TBI, and impaired cerebral autoregulation may need

to occur together to impact TBI outcomes. In other words, as previous work has shown,
hypotension3® and impaired cerebral autoregulation3” may both contribute to poor outcomes
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if each is severe enough and of sufficient duration. Hypotension and impaired cerebral
autoregulation may also be individually necessary conditions for cerebral ischemia and poor
outcomes to occur.15 However, the presence of each alone may fail to impact long-term
outcomes if not sufficiently severe or prolonged. In this case, two hits may be required

as described in other clinical scenarios.38 Unlike in moderate-severe TBI, hypotension is
rare in mild TBI, especially if extracranial injuries are also mild or absent. The intensity

and duration of impaired cerebral autoregulation and hypotension occur for a longer time

in moderate-severe TBI than in complex mild TBI.3° Given that multiple studies have
documented impaired cerebral autoregulation across TBI severity cohorts,1® we propose that
the absence of an association between impaired cerebral autoregulation and poor long-term
outcomes in this study likely reflects the absence of hypotension. Since the tilt test measures
static autoregulation, and this is not always correlated dynamic autoregulation, it is also
unclear whether abnormal dynamic autoregulation may have a similar effect.40

This study allowed us uniquely to examine cerebral autoregulation and long-term outcomes
in complex mild TBI and posit a new sufficiency framework for studying factors affecting
TBI outcomes. To date, clinical studies have not been large enough to examine or establish
the necessary or sufficient systemic or cerebral conditions that contribute to poor pediatric
TBI outcomes by age and sex. Yet, existing studies suggest the need to examine the various
and contemporaneous scenarios that are likely needed to exist for improving long-term
outcomes. Clinical studies are also limited in their ability to study counterfactual scenarios
to prove the tested hypotheses that long-term outcomes are favored in the absence of
impaired cerebral autoregulation and hypotension. Bidirectional translational studies using
animal models and/or data science models are likely needed to answer the more mechanistic
and complex what-if scenarios that need to occur together to impact TBI outcomes.30:41

This study has some limitations. It is a single-center study including a small convenience
sample size. To examine outcomes (complete recovery) in patients based on their cerebral
autoregulation status, the current study is underpowered (post-hoc power = 4.6%). To
achieve 80% power, and assuming similar prevalence of impaired cerebral autoregulation
(37.5% in the complete recovery group and 43.8% in the impaired autoregulation group), the
estimated sample size would be 1000 patients in each group. In addition, we did not collect
functional outcomes at discharge from hospital. Despite these limitations, what is apparent
is that further research is needed to understand better the systems biology that contributes to
poor TBI outcomes so that clinicians can develop prognostication models and treatments to
improve TBI outcomes.

Conclusions

In conclusion, two-thirds of children with complex mild TBI experienced incomplete
functional recovery at one year and recovery trajectories varied. Unlike in moderate-severe
TBI, incomplete functional recovery was not associated with early impairment of cerebral
autoregulation. The absence of concurrent hypotension in children with complex mild TBI
no severe extracranial injury may contribute to this lack of association. The co-occurrence
of both hypotension and cerebral autoregulation may be a sufficiency condition needed

to affect TBI outcomes. This pilot study positions investigators to develop studies that
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are sufficiently powered to examine more definitively the relationship between impaired
autoregulation and long-term outcomes, and to develop studies that examine tiered
hemodynamic treatments based on static and dynamic cerebral autoregulation status.
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Figure 1. Post-discharge follow-up at 3, 6, and 12 months in children with complex mild
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Thirty-one children were enrolled into the study, and 24 with complete 12-month GOSE-P
and HRQOL data included in the analysis
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F/U, follow up; GOSE-P, Glasgow Outcome Scale Score Extended -Pediatric; HRQOL,
health-related quality of life

J Neurosurg Anesthesiol. Author manuscript; available in PMC 2023 October 01.

Lost to F/U

N=0




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Thamjamrassri et al. Page 12

Impaired Cerebral

Autoregulation (n = 10)

Intact Cerebral
Autoregulation (n = 14)

0.00% 25.00% 50.00% 75.00% 100.00%

B GOSE-P1 [ GOSE-P2 GOSE-P3 [ GOSE-P4 [ GOSE-P5 [ GOSE-P6

Figure 2. 12-month Glasgow Outcome Scale Extended-Pediatric scores in children with mild
complex traumatic brain injury stratified by cerebral autoregulation status

GOSE-P 1, upper good recovery; GOSE-P 2, lower good recovery; GOSE-P 3, upper
moderate disability; GOSE-P 4, lower moderate disability; GOSE-P 5, upper severe
disability; GOSE-P 6, lower severe disability.

GOSE-P, Glasgow Coma Scale Extended-Pediatric
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Figure 3. 12-month Glasgow Outcome Scale Extended-Pediatric scores in children with mild
complex traumatic brain injury stratified by admission Glasgow Coma Scale score

GOSE-P 1, upper good recovery; GOSE-P 2, lower good recovery; GOSE-P 3, upper
moderate disability; GOSE-P 4, lower moderate disability; GOSE-P 5, upper severe
disability; GOSE-P 6, lower severe disability.

GCS, Glasgow Coma Scale score; GOSE-P, Glasgow Coma Scale Extended-Pediatric
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