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Abstract
Purpose Traumatic brain injury (TBI) is a leading cause of
morbidity and mortality in children. Preventing secondary in-
jury by controlling physiological parameters (e.g. intracranial
pressure [ICP], cerebral perfusion pressure [CPP] and brain
tissue oxygen [PbtO2]) has a potential to improve outcome.
Low PbtO2 is independently associated with poor clinical out-
comes in both adults and children. However, no studies have
investigated associations between low PbtO2 and neuropsy-
chological and behavioural outcomes following severe pedi-
atric TBI (pTBI).
Methods We used a quasi-experimental case-control design to
investigate these relationships. A sample of 11 TBI patients
with a Glasgow Coma Scale score ≤8 who had PbtO2 and ICP
monitoring at the Red Cross War Memorial Children’s Hos-
pital underwent neuropsychological evaluation ≥1 year post-
injury. Their performance was compared to that of 11 demo-
graphically matched healthy controls. We then assigned each
TBI participant into one of two subgroups, (1) children who
had experienced at least one episode of PbtO2 ≤ 10 mmHg or
(2) children for whom PbtO2 > 10 mmHg throughout the
monitoring period, and compared their results on neuropsy-
chological evaluation.
Results TBI participants performed significantly more poorly
than controls in several cognitive domains (IQ, attention, vi-
sual memory, executive functions and expressive language)

and behavioural (e.g. externalizing behaviour) domains. The
PbtO2 ≤ 10 mmHg group performed significantly worse than
the PbtO2 > 10 mmHg group in several cognitive domains
(IQ, attention, verbal memory, executive functions and ex-
pressive language), but not on behavioural measures.
Conclusion Results demonstrate that low PbtO2 may be prog-
nostic of not only mortality but also neuropsychological
outcomes.
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Introduction

The relationship between secondary brain injury and poor
outcome in adults and children following traumatic brain in-
jury (TBI) is well known [1–4]. Therefore, preventing, limit-
ing, or managing secondary injuries like ischemia is crucial to
improving outcome following TBI [5, 6]. Ischemia or hypoxia
following TBI is significantly associated with an unfavourable
outcome [7, 8]. Early identification and intervention is there-
fore critical to preventing secondary injury, and therefore [5,
9], methods of improving outcome are largely focused on
preventing ischemic injury [10].

Prevention of ischemia following TBI traditionally in-
volves methods aimed at improving cerebral perfusion pres-
sure (CPP) and controlling intracranial pressure (ICP). Current
TBI management focuses on maintaining ICP and CPP within
recommended thresholds. However, the use/extrapolation of
these thresholds in pediatric TBI is based on weak evidence
[11]; maintaining ICP and CPP within these thresholds is not a
strong indicator of acceptable levels of brain oxygenation [5,
12–16]. Up to one third of children with severe TBI may
experience episodes of low brain oxygenation tension, even
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when recommended treatment targets for ICP and CPP are
achieved [5].

In children, determining what represents adequate ICP and
CPP control is more complex than that in adults, given that
children of different ages have different and less well-
established normative thresholds for ICP and blood pressure
[5]. To date, there are no age-based recommendations for
these thresholds, and so treatment and injury thresholds are
extrapolated from adult studies [11, 17]. This strategy is sub-
optimal given that children are physiologically different from
adults. Therefore, a measure of the adequacy of brain oxygen-
ation, rather than using ICP or CPP values as a proxy mea-
sures is preferable [5].

Brain tissue oxygen tension (PbtO2) monitors have there-
fore been proposed as a complementary tool to ICP monitor-
ing to detect the adequacy of brain perfusion and oxygenation.
These monitors are used in both adults and children at risk of
cerebral ischemia and so are being utilized increasingly in the
management of patients with severe TBI [5, 9, 18–20]. The
aim of PbtO2 monitoring is, ideally, to maintain PbtO2 values
greater than 15–20 mmHg. PbtO2 values less than 20 mmHg
suggest progressively increased tissue hypoxia or ischemia,
and values less than 10 mmHg are deemed critical, as this
appears to approximate an ischemic threshold [18].

Low PbtO2 post-TBI is common and is associated with
increased mortality and morbidity after severe TBI in adults
[9, 18]. PbtO2-directed treatment appears to be associated with
reduced mortality in adults [20, 21]. Although fewer studies of
this kind have been conducted with children [4, 5, 12, 15],
emerging data are consistent with observations made in adult
studies. In a study that included a large pTBI sample (N = 52),
low PbtO2 was independently associated with poor outcome
(as defined by the Glasgow Outcome Score [GOS] and Pedi-
atric Cerebral Performance Category Scale [PCPCS]) and was
a stronger predictor than other factors traditionally associated
with outcome [13]. Furthermore, low PbtO2 was not predicted
by measures of initial injury severity, suggesting that the con-
tribution of low PbtO2 to poor outcome represents secondary
brain injury that is, at least in theory, amenable to treatment.

There is some limited evidence from the adult literature that
low PbtO2 is associated with poor performance in the domains
of general intellectual functioning and memory [22], but to
date, there have been no published studies on the relationship
between PbtO2 and specific neuropsychological and behav-
ioural outcomes in children. In fact, TBI-related neuropsycho-
logical outcome studies rarely consider neurosurgical moni-
toring variables such as PbtO2 levels, and neurosurgical out-
come studies rarely include neuropsychological outcome var-
iables. In this study, we aimed to investigate the relationship
between PbtO2 levels and neuropsychological and behaviour-
al functioning following severe pediatric TBI (pTBI). Specif-
ically, we investigated whether PbtO2 levels that are main-
tained above the ischemic threshold (PbtO2 > 10 mmHg) are

associated with more favourable outcomes for children who
have sustained severe TBIs. We hypothesized that TBI pa-
tients who experienced at least one episode of brain hypoxia
as measured by PbtO2 < 10 mmHg would perform more
poorly on the administered tests than those who did not expe-
rience an episode of brain hypoxia.

Materials and methods

Research design

This was a case-control study. The study design was quanti-
tative, retrospective and cross-sectional. It included two
between-group comparisons. The first comparison was be-
tween a group of children who had sustained severe TBIs
and who underwent PbtO2 monitoring and a healthy matched
control group. The second between-group comparison in-
volved dividing the pTBI group into two subgroups, one in-
cluding those who had experienced at least one episode of
PbtO2 lower than 10 mmHg (i.e. they reached the ischemic
threshold) during monitoring (hypoxia group) and the other
including those for whom PbtO2 had remained above
10 mmHg throughout the monitoring period (no-hypoxia
group).

Participants

The patient sample included 11 children admitted to Red
Cross War Memorial Children’s Hospital (RCCH), in
Cape Town, South Africa, for severe TBI with an admission
post-resuscitation Glasgow Coma Scale (GCS) score ≤8, or
who deteriorated to this level after admission. All patients
underwent PbtO2 monitoring and were managed according
to institutional protocol described elsewhere [13].

Only children in whom monitoring was started within the
first 24 h were considered for inclusion in the study. Of those
for whom complete monitoring data were available, we select-
ed for inclusion only those (a) who were English and/or Afri-
kaans speaking, (b) who were admitted for closed1 severe
TBI, (c) who were at least 1 year post-injury,2 (d) who were
aged 6–16 years at the time of assessment and (e) for whom
informed consent and assent were granted.

We recruited a group of healthy controls (n = 11) against
which to compare the performance of the TBI participants.
Control participants were recruited by (1) identifying potential

1 Most pediatric TBIs are closed (as opposed to penetrating) injuries, and
the pathophysiology for closed TBIs differs from that of open TBIs [10,
23]. For these reasons, we included only patients who had sustained
closed TBIs so as to promote homogeneity in the sample.
2 Although the recovery period for children following TBI continues well
beyond 6months post-injury, 1 year represents a reasonable plateau phase
of recovery for assessment [24, 25].

2258 Childs Nerv Syst (2015) 31:2257–2268



participants from the schools that the TBI participants
attended and (2) consulting with other local researchers who
were conducting pediatric neuropsychological studies and
who had included healthy participants in their studies. These
control participants were matched as closely as possible to
TBI participants on a range of demographic variables, includ-
ing age, sex, language, socioeconomic status (SES) and race.
Exclusion criteria for all participants included previous head
injuries that resulted in hospitalization or loss of conscious-
ness and any formally diagnosed learning, psychiatric, neuro-
logical or developmental disorders.

Measures

The cognitive assessment tools were the Wechsler Abbreviat-
ed Scale of Intelligence [26] (WASI), the Rey Complex
Figure Test [27] (RCFT), and selected subtests from the Chil-
dren’s Memory Scale [28] (CMS), the Test of Everyday At-
tention for Children [29] (TEA-Ch), and the NEPSY-II [30].
Hence, the assessment battery covered a range of cognitive
domains, including general intellectual functioning (verbal IQ
[VIQ], performance IQ [PIQ], and full-scale IQ [FSIQ]), ver-
bal and visual memory, attention, executive functions, and
visuospatial functioning. The behavioural assessment tools
were the Child Behaviour Checklist [31] (CBCL; Achenbach,
1991) and the Behaviour Rating Inventory of Executive Func-
tions [32] (BRIEF; Gioia, Isquith, Guy and Kenworthy, 2000).

These tests and questionnaires were all originally published
in English. To facilitate administration to those participants
with a home language of Afrikaans, the test instructions and
relevant stimuli were translated by the University of Stellen-
bosch Language Laboratory (Cape Town, South Africa) who
carried out forward and back translations and authentication.

We also used a questionnaire designed to acquire socio-
demographic information about the participants which cap-
tured details about parental education, occupation and income,
as well as information about the home living environment
(e.g. the type of dwelling and participants’ residence and
neighbourhood).It also included an index of material re-
sources in the household [33] as well as more traditional mea-
sures of SES.

Procedure

TBI participants: physiological monitoring

Following the local TBI management protocol, intracranial
catheters for ICP (Codman, Raynham, MA, USA) and PbtO2

(Licox; Integra Neurosciences, Plainsboro, NJ) were inserted
into normal appearing white matter in the right frontal lobe or
on the side of the greatest cerebral swelling or most significant
lesion (as per admission head computed tomography [CT]
scan). The accurate positioning of the monitors was confirmed

TBI and healthy control participants: neuropsychological
and behavioural testing

Parents/caregivers were contacted via telephone and invited to
participate in the study. Each participant was tested individu-
ally. The duration of testing was approximately 3 h. Parents
completed the sociodemographic questionnaire and the
BRIEF and CBCL forms during that time.

Scoring procedures and statistical analyses

Identifying and measuring episodes of low PbtO2

Patient physiological data were examined to identify episodes
of low PbtO2 including (a) the lowest PbtO2 reading that
persisted for at least 30 min during the entire monitoring pe-
riod and (b) the cumulative time that PbtO2 was less than
thresholds of 20, 10 and 5 mmHg. Data from the first 2 h of
PbtO2 catheter stabilization were excluded from analyses. Al-
though PbtO2 was treated at 20 mmHg, this represented a
‘softer’ target for interventions with more aggressive interven-
tions being used when PbtO2 fell below 10 mmHg. Because
adult and pediatric data suggest a stronger association with
outcome when PbtO2 is below 10 mmHg, the 10–20 mmHg
range likely represents a region of oligemia rather than ische-
mia if cerebral blood flow restriction is the cause of the de-
creased PbtO2. For this reason, the 10 mmHg threshold was
used for analysis in the current study.

Scoring procedures for neuropsychological and behavioural
data

For each (sub)test in the battery, we followed the conventional
scoring procedures described in the respective test administra-
tion manuals. We converted all raw scores to age-adjusted
scaled scores.

Statistical procedures

We used SPSS version 22.0 and set the threshold for statistical
significance (α) at 0.05. For each analysis, we calculated the
appropriate effect size estimate.

TBI cases vs. controls For demographic data, we used one-
way ANOVAs or Mann-Whitney U tests to assess between-
group differences on continuous variables, depending on
whether or not assumptions of normality and homogeneity
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were upheld, and chi-square or Fisher’s exact test to assess
between-group differences on categorical variables. We used
the latter statistical procedure in instances where the sample
was small and where the cells of the variables in the analyses
had expected counts of less than 5.

For the neuropsychological data, there were a large number
of dependent variables (32) in proportion to the sample size
(N = 22) for the comparison between TBI and control groups.
Therefore, we used a standardized set of procedures to reduce
the number of dependent variables. The resulting ten outcome
variables included three IQ measures, WASI nerbal IQ, per-
formance IQ and full-scale IQ, and seven composite measures
covering the domains of basic and higher-order attention, ver-
bal and visual memory, executive function, visuospatial abil-
ity and expressive language. We created these composites
using a hybrid method [34, 35].

We then used one-way ANOVAs orMann-WhitneyU tests
to investigate between-group differences in neuropsychologi-
cal test scores and behavioural measures. Despite the fact that
we conducted multiple comparisons, we did not apply the
Bonferroni (or similar) correction to the results of these anal-
yses. Although one might typically control for the risk of type
I error using a conservative measure such as this, in other
public health research contexts (e.g. pediatric exposure to neu-
rotoxins), researchers are more concerned about missing im-
portant effects (type II errors) than about the strict control of
alpha values [36]. This concern might also be extrapolated to
TBI research: employing an adjustment to control for type I
error may result in an underestimation of the effects of TBI on
neuropsychological and behavioural outcomes.

Hypoxia vs. no-hypoxia We compared outcome on the (a)
demographic and injury variables, (b) SES data, (c) physio-
logical variables and (d) neuropsychological and behavioural
variables for the hypoxia and no-hypoxia groups. We repeated
the steps outlined above in terms of checking assumptions,
deriving composites, between-group comparisons of demo-
graphic, neuropsychological and behavioural data and non-
use of Bonferroni adjustment.

Ethical considerations

Ethical approval for this study was obtained from the Univer-
sity of Cape Town’s Faculty of Health Sciences Human Re-
search Ethics Committee. Permission to include the school
learners and to use the school facilities for testing was obtain-
ed from the Western Cape Education Department. This study
was performed in accordance with the ethical standards laid
down in the 1964 Declaration of Helsinki and its later amend-
ments. The parents of all participants and controls provided
informed consent for participation in this study.

Results

TBI cases vs. controls

There were 16 boys and 6 girls in the sample, with a mean age
at assessment of 10.87 years (SD = 31.49). Most participants
(n = 20) were mixed race, with the rest (n = 2) being White.
Most (n = 16) reported they spoke English and Afrikaans
equally well; the rest (n = 6) spoke Afrikaans only. The two
groups did not differ significantly in terms of age at assess-
ment (p = 0.936) and were evenly matched in terms of sex,
race and home language. There were also no significant
between-group differences for any of the SES measures.

Table 1 presents the results of the between-group compar-
isons on measures of IQ and neuropsychological test perfor-
mance. The control group performed significantly better than
the pTBI group on the following: PIQ, FSIQ, basic attention
composite, higher-order attention composite, visual memory
composite, executive functions composite, visuospatial skills
composite and expressive language composite. Moderate-to-
large effect sizes were associated with each of these
comparisons.

Table 2 presents results from the between-group compari-
sons of behavioural data. The groups differed significantly on
all of the BRIEF indices, with the controls reportedly scoring
better than the pTBI participants. Large effect sizes were as-
sociated with these comparisons.

The groups also differed significantly on the CBCL anx-
ious/depressed, withdrawn depressed, rule-breaking and ag-
gression syndrome scales and on the externalizing behaviour
syndrome grouping, with the controls reportedly scoring bet-
ter than the pTBI participants. Again, moderate-to-large effect
sizes were associated with these comparisons.

Hypoxia vs. no-hypoxia

Table 3 shows that there were no significant differences be-
tween the hypoxia and the no-hypoxia groups in terms of the
demographic or injury related variables (admissionGCS,mech-
anisms of injury). The only significant between-group differ-
ence was that the hypoxia group had experienced a longer time
since injury than those in the no-hypoxia group. There was a
large effect size associated with this finding (r = 0.68).

There were no significant between-group differences on
any of the SES measures or for the categorical physiological
variables (pupils on admission, initial systemic hypoxia, initial
SBP < 90mmHg, polytrauma, and ICU risk of mortality score
≥0.50 (p = 0.286–1.00).

Table 4 presents the results of between-group comparisons
for the continuous physiological variables. Besides the signifi-
cant difference between the groups in terms of the number of
episodes of PbtO2 < 10 and the lowest PbtO2 value reached
during the monitoring period, the groups also differed
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Table 1 IQ variables and neuropsychological composites: between-group comparisons, TBI vs. controls (N = 22)

Group Test statistics

TBI Controls

n Range M (SD)b n Range M (SD)b F/U p r

General intellectual functioning

VIQ 11 55–106 77.82 (12.68) 11 66–119 86.45 (15.28) 2.08 0.083 0.31

PIQ 11 56–86 77.27 (8.91) 11 79–107 88.55 (8.69) 15.00a 0.001** −0.64
FSIQ 11 52–94 75.27 (10.53) 11 74–111 85.73 (10.89) 28.00a 0.016* −0.46

Basic attention composite (α = 0.753) 10 −1.35–0.72 −0.36 (0.67) 11 −0.27–1.18 0.35 (0.48) 7.79 0.006** 0.54

Higher-order attention composite (α = 0.828) 8 −1.34–0.40 −0.46 (0.61) 11 −0.50–1.43 0.45 (0.64) 9.75 0.003** 0.60

Verbal memory composite (α = 0.929) 11 −2.20–1.37 −0.40 (1.15) 11 −0.73–1.50 0.40 (0.54) 36.50a 0.060 −0.34
Visual memory composite (α = 0.771) 10 −1.20–0.42 −0.43 (0.59) 11 −0.56–1.11 0.48 (0.50) 14.50 <0.001*** 0.66

Executive functions composite (α = 0.774) 10 −1.83–0.65 −0.42 (0.69) 11 −0.36–1.24 0.44 (0.47) 11.28 0.002** 0.61

Visuospatial skills composite (α = 0.626) 11 −2.00–0.71 −0.33 (0.76) 10 −0.54–1.39 0.23 (0.54) 3.61 0.037* 0.40

Expressive language composite (α = 0.683) 11 −1.32–0.53 −0.46 (0.68) 11 −0.79–1.09 0.46 (0.60) 11.04 0.002** 0.60

The r value presented here is an estimate of effect size

VIQ verbal IQ, PIQ performance IQ, FSIQ full-scale IQ

*p < 0.05. **p < 0.01. ***p < 0.001
aMann-WhitneyU; for PIQ, mean rank of the TBI group = 7.36 and of the control group = 15.64; for FSIQ,mean rank of the TBI group = 8.55 and of the
control group = 14.45; for verbal memory composite, mean rank of the TBI group = 9.32 and of the control group = 13.68
bMeans are presented with standard deviation in parentheses

Table 2 BRIEF indices and CBCL syndrome profiles: between-group comparisons, TBI vs. controls (N = 22)

Group Test statistics

BRIEF indices TBI (n = 11) Controls (n = 11) F/U p r

Range M (SD)b Range M (SD)b

BRI 53–92 72.36 (11.83) 39–62 52.09 (7.62) 22.82 <0.001*** 0.73

MI 55–80 69.55 (7.84) 41–72 53.82 (8.67) 19.91 <0.001*** 0.71

GEC 55–85 72.09 (8.69) 36–67 51.91 (8.93) 28.87 <0.001*** 0.77

CBCL syndrome profiles

Anxious/depressed 51–86 62.82 (9.22) 50–80 57.91 (8.86) 34.00a 0.041* −0.37
Withdrawn/depressed 56–82 65.73 (8.81) 50–73 58.45 (8.63) 3.83 0.033* 0.40

Somatic complaints 50–74 60.73 (8.39) 50–74 64.00 (6.74) 1.02 0.163 0.22

Internalizing problems 54–80 65.00 (6.97) 33–77 59.64 (11.66) 1.72 0.103 0.28

Rule-breaking behaviour 50–80 63.36 (11.59) 50–63 53.73 (4.08) 32.00a 0.031* −0.40
Aggressive behaviour 57–87 69.36 (8.33) 50–61 53.36 (2.87) 2.00a <0.001** −0.82
Externalizing problems 54–79 67.55 (8.31) 46–60 52.18 (4.00) 4.00a <0.001** −0.79

The r value presented here is an estimate of effect size

BRI behaviour regulation index, MI metacognition index, GEC global executive composite

*p < 0.05. **p < 0.01. ***p < 0.001

For each comparison presented here, degrees of freedom = (1, 20)
aMann-Whitney U; for emotional control, mean rank of the TBI group = 8.19 and of the control group = 9.29; For anxious/depressed, mean rank of the
TBI group = 13.91 and of the control group = 9.09; for rule-breaking behaviour, mean rank of the TBI group = 14.09 and of the control group = 8.91; for
aggressive behaviour, mean rank of the TBI group = 16.82 and of the control group = 6.18; for externalizing problems, mean rank of the TBI
group = 16.64 and of the control group = 6.36
bMeans (T scores) are presented with standard deviation in parentheses
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significantly on the following variables: mean ICP > 20, highest
ICP, lowest CPP and lowest PaO2. The effect size estimates
suggest, however, that PbtO2 accounted for greater between-
group variance than the ICP, CPP and PaO2 variables.

Table 5 presents the results for the between-group compar-
isons on measures of IQ and neuropsychological test perfor-
mance. There were significant between-group differences, in
favour of the no-hypoxia group, on the following: VIQ, FSIQ,
basic attention composite, higher-order attention composite,
verbal memory composite, visual memory composite, execu-
tive functions composite, visuospatial skills composite and
expressive language composite. There were large effect sizes
associated with each of these comparisons.

Table 6 shows that the hypoxia and the no-hypoxia groups
did not differ significantly on any of the BRIEF indices, on
any of the CBCL syndrome scales or on the internalizing and
externalizing syndrome groupings.

Discussion

Although a growing body of research demonstrates the asso-
ciation between decreased brain oxygenation and increased
mortality and morbidity in both adults and children, there is
a dearth of investigations of this nature in children. The few
pediatric studies of PbtO2 that have been conducted previous-
ly have not included neuropsychological outcome measures.
The inclusion of both neuropsychological and behavioural
outcome measures is therefore novel in this study.

Summary of results

TBI cases vs. controls

There were no significant between-group differences on any
of the sociodemographic variables. These factors can impact

Table 3 Demographic
characteristics and injury
variables (N = 11): hypoxia vs.
no-hypoxia

Group

Variables Hypoxia (n = 5) No-Hypoxia (n = 6) t/U p

Sex 1.000

Male/female 4:1 4:2

Age at injury (months) −1.23a 0.248

M (SD) 91.60 (36.02) 117.34 (33.09)

Range 56–152 75–150

Age at assessment (months) 14.00 0.931

M (SD) 122.00 (31.50) 135.50 (32.72)

Mean rank 5.80 6.17

Range 105–178 91–169

Time since injury (months) 1.50 0.011*

M (SD) 30 (10.65) 17.50 (5.36)

Mean rank 8.70 3.75

Range 24–49 12–25

Race 1.000

Mixed race 5 5

White 0 1

Home language 0.545

English/English and Afrikaans 3 5

Afrikaans 2 1

Glasgow Coma Scale 9.00 0.284

M (SD) 5.60 (2.07) 7.00 (1.10)

Range 3–8 6–8

Cause of injury 0.221

Passenger in MVA 0 3

Pedestrian in MVA 3 3

Assault 1 0

Other 1b 0

*p < 0.05
a t-statistic
b The participant sustained a crush injury as a result of a quad bike accident. MVA = Motor vehicle accident
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on neuropsychological test performance [e.g. see 23, 37].
Hence, it is important that the groups were matched as closely
as possible.

The groups did, however, differ significantly on measures
of IQ, and on composite indices of basic attention, expressive
language, visual memory, visuospatial skills, higher-order at-
tention and executive functions; in each case, the TBI partic-
ipants performed more poorly than their matched controls.
These outcomes are consistent with published literature de-
scribing expected neuropsychological sequelae following
pTBI [38–47].

In terms of the behavioural measures, the groups also dif-
fered significantly on all of the BRIEF indices, with the par-
ents of controls reporting better functioning than the parents of
pTBI participants. Regarding the CBCL, the groups differed
significantly on the externalizing behaviour syndrome

grouping. They also differed on both of the syndrome profiles
(rule-breaking and aggressive behaviour) included in this
grouping, as well as on the anxious/depressed and
withdrawn/depressed profiles of the internalizing behaviour
syndrome grouping. The pTBI group reportedly showed more
problems in these domains than the controls.

These results from the BRIEF are consistent with those
from the neuropsychological tests. Executive functions are
subserved primarily by the frontal lobes, and in particular,
by the prefrontal cortex. The frontal lobes are especially vul-
nerable to the effects of TBI owing to their anatomical posi-
tion and the kinds of biomechanical forces acting on the skull
in many TBIs [48]. In terms of the CBCL, behavioural and
emotional problems (particularly internalizing and externaliz-
ing problems) are reported to be the main reason that children
who have sustained TBIs are referred to mental health and

Table 4 Descriptive statistics for continuous physiological variables (N = 11): hypoxia vs. no-hypoxia

Group

Hypoxia (n = 5) No-hypoxia (n = 6)

Variable M (SD)b Range Mean rank M (SD)b Range Mean rank F/U p r

Duration of monitoring (h) 174.00 (71.43) 91–268 7.80 111.50 (93.37) 33–296 4.50 6.00 0.126 −0.50
Mean ICP value >20 30.32 (7.18) 23–42 8.60 11.72 (12.88) 0–25 3.83 2.00 0.017* −0.72
Mean ICP value: first 24 h 22.01 (11.42) 14–42 7.90 12.74 (4.97) 8–19 4.42 5.50 0.091 −0.52
Highest ICP value 50.80 (19.08) 34–77 8.40 25.17 (10.36) 16–44 4.00 3.00 0.030* −0.66
Mean ICP value 15.72 (3.12) 13–21 12.96 (3.76) 10–19 −1.71a 0.224 0.40

Number of episodes:

ICP > 20 24.60 (12.76) 10–45 7.80 13.33 (24.65) 0–62 4.50 6.00 0.104 −0.50
CPP < 40 3.00 (4.24) 0–9 6.90 0.17 (0.41) 0–1 5.25 10.50 0.303 −0.32
CPP < 50 8.40 (0.55) 8–9 8.00 3.50 (5.43) 0–14 4.33 5.00 0.071 −0.56
PaO2 < 8 0.40 (0.89) 0–2 6.20 0.17 (0.41) 0–1 5.83 14.00 0.727 −0.08
PbtO2 < 5 0.80 (1.79) 0–4 6.60 0.00 (0.00) 0–0 5.50 12.00 0.455 −0.33
PbtO2 < 10 5.60 (6.62) 1–17 9.00 0.00 (0.00) 0–0 3.50 0.00 0.002** −0.90
PbtO2 < 20 24.40 (21.41) 3–51 7.80 8.83 (12.21) 0–31 4.50 6.00 0.115 −0.50
Lowest PbtO2 5.80 (2.52) 2–8 16.97 (5.40) 12–27 17.87a 0.002** 0.82

Mean PbtO2: first 24 h 30.64 (11.07) 13–40 28.00 (5.32) 21.6–36.8 0.27a 0.615 0.17

Lowest CPP 28.60 (15.16) 10–44 51.33 (10.63) 39–64 8.55a 0.017* 0.70

Initial MAP 65.53 (12.73) 47–79 76.00 (16.82) 57–101 1.30a 0.283 0.36

Lowest PaO2 value 9.00 (1.47) 6.5–10.2 13.16 (3.37) 8–16.7 6.50a 0.031* 0.65

Mean PaO2 value 23.42 (9.36) 14.7–37.0 21.14 (5.12) 15.5–29.3 −0.27a 0.619 0.17

Lowest Hb 8.28 (1.17) 7–10 9.05 (0.82) 8.2–10.5 1.65a 0.231 0.39

Mean Hb 10.30 (0.64) 9.5–11 10.07 (0.94) 8.9–11.3 −0.22a 0.651 0.15

ICP intracranial pressure, CPP cerebral perfusion pressure, PaO2 arterial partial pressure of oxygen, PbtO2 brain tissue oxygenation,MAPmean arterial
pressure, Hb hemoglobin
aF statistic
bMeans and ranges are presented with standard deviations in parentheses. For between-group comparisons using F tests, degrees of freedomwere (1, 9)
in each case. The r value presented here is an estimate of effect size

*p < 0.05. **p < 0.01
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Table 5 Between-group comparisons for general intellectual functioning and neuropsychological c: hypoxia vs. no-hypoxia groups (N = 11)

Groups Test statistics

No-hypoxia Hypoxia

n Range Mean (SD)b n Range Mean (SD)b F/U p r

General intellectual functioning

VIQ 6 76–106 84.67 (11.59) 5 55–77 69.40 (8.50) 5.96 0.019* 0.63

PIQ 6 77–85 81.50 (3.08) 5 56–86 72.20 (11.3) 6.50a 0.069 −0.47
FSIQ 6 76–94 81.33 (6.77) 5 52–77 68.00 (9.93) 1.00a 0.004** −0.78

Basic attention composite (α = 0.726) 5 0.17–1.04 0.52 (0.36) 5 −0.95–0.05 −0.53 (0.38) 19.86 0.001** 0.84

Higher order attention composite (α = 0.831) 5 −0.28–1.22 0.55 (0.62) 3 −1.08-(−0.41) −0.67 (0.36) 0.00a 0.018* −0.67
Verbal memory composite (α = 0.957) 6 0.15–1.53 0.72 (0.52) 5 −1.54–0.05 −0.86 (0.59) 22.18 <0.001*** 0.84

Visual memory composite (α = 0.686) 6 −0.84–1.00 0.38 (0.65) 4 −0.62–0.04 −0.39 (0.29) 4.82 0.03* 0.61

Executive functions composite (α = 0.840) 6 0.16–1.23 0.54 (0.39) 4 −1.56-(−0.20) −0.70 (0.61) 16.02 0.002** 0.82

Visuospatial skills composite (α = 0.572) 6 0.13–0.73 0.37 (0.25) 5 −0.98–0.12 −0.45 (0.40) 17.53 0.001** 0.81

Expressive language composite (α = 0.622) 6 0.20–1.06 0.62 (0.31) 5 −0.97-(−0.48) −0.74 (0.19) 73.49 <0.001*** 0.94

The r value presented here is an estimate of effect size

VIQ verbal IQ, PIQ performance IQ, FSIQ full-scale IQ

*p < 0.05. **p < 0.01. ***p < 0.001
aMann-Whitney U; for PIQ, mean rank of the no-hypoxia group = 7.42 and of the hypoxia group = 4.30; for FSIQ, mean rank of the no-hypoxia
group = 8.33 and of the hypoxia group = 3.20; for higher order attention composite, mean rank of the no-hypoxia group = 6.00 and of the hypoxia
group = 2.00
bMeans are presented with standard deviation in parentheses

Table 6 BRIEF indices:
between-group comparisons,
hypoxia vs. no-hypoxia groups
(N = 11)

Group Test statistics

BRIEF indices No-hypoxia Hypoxia F/U p r
Range M (SD)b Range M (SD)b

BRI 53–92 71.83 (16.07) 65–78 73.00 (5.15) 0.02 0.441 0.05

MI 55–80 66.67 (8.52) 68–80 73.00 (5.96) 8.00a 0.113 −0.39
GEC 55–85 70.00 (11.14) 69–79 74.60 (4.39) 0.75 0.205 0.28

CBCL syndrome profiles

Anxious/depressed 51–69 60.83 (6.05) 55–86 65.20 (12.40) 0.59 0.232 0.25

Withdrawn/depressed 56–68 62.67 (5.32) 58–82 69.40 (11.31) 1.71 0.112 0.40

Somatic complaints 50–70 58.83 (7.50) 50–74 63.00 (9.70) 0.65 0.221 0.26

Internalizing problems 58–68 63.33 (3.33) 54–80 67.00 (9.93) 11.00a 0.268 −0.22
Rule-breaking behaviour 50–80 58.50 (11.31) 53–78 69.20 (9.88) 7.50a 0.104 −0.42
Aggressive behaviour 57–75 66.17 (7.17) 65–87 73.20 (8.70) 2.17 0.088 0.44

Externalizing problems 54–78 64.00 (8.41) 62–79 71.80 (6.54) 2.85 0.063 0.49

The r value presented here is an estimate of effect size

BRI behaviour regulation index, MI metacognition index, GEC global executive composite

*p < 0.05. **p < 0.01. ***p < 0.001

For between-group comparisons using F tests, degrees of freedom were (1, 9) in each case
aMann-Whitney U; for MI, mean rank of the hypoxia group = 4.83 and of the no-hypoxia group = 7.40; for
internalizing problems, mean rank of the no-hypoxia group = 5.33 and of the hypoxia group = 6.80; for rule-
breaking behaviour, mean rank of the no-hypoxia group = 4.75 and of the hypoxia group = 7.50.
bMeans (T scores) are presented with standard deviation in parentheses
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rehabilitation professionals [49]. Hence, the syndrome pro-
files on which significant between-group differences were de-
tected are commonly reported behavioural sequelae following
pTBI [49–53].

Although the scores of the pTBI groupwere not significantly
different from controls on the internalizing behaviour syndrome
grouping, their mean score fell within the clinical range, where-
as the mean score for the healthy controls fell within the normal
range. Although there is a small effect size associated with this
comparison, these results show a trend in the expected direction.
Somatic complaints are not necessarily suggestive of emotion-
ally based problems. Therefore, a non-significant finding here
does not conflict with reports of emotional and behavioural
problems commonly associated with TBI.

In summary, the current data confirmed that participants
who have sustained severe TBI perform more poorly than
matched healthy controls on neuropsychological and behav-
ioural measures.

Hypoxia vs. no-hypoxia groups

Although participants in the hypoxia group had had a longer
time since injury to evaluation, the significant difference in
time since injury is not expected to have an effect on the
outcome. Even if the overall time since injury differed signif-
icantly between the two groups, all of the participants in both
groups were at least 1 year post-injury. It has long been report-
ed that improvement in outcome post-TBI is more limited and
plateaus after 1-year post injury, particularly in children who
have sustained severe TBIs [24, 25, 54].

Between-group differences in neuropsychological out-
comes The hypoxia group performed significantly more poor-
ly on measures of IQ, as well as on the composite measures of
basic and higher-order attention, verbal and visual memory,
executive functioning, visuospatial ability and expressive lan-
guage. These findings suggest that secondary injury effects,
such as exposure to episodes of hypoxia, create further
unfavourable outcomes in children who have sustained severe
TBI. Overall, these data are consistent with literature on neu-
ropsychological sequelae following hypoxia-ischemia [23,
55, 56].

Between-group differences in behavioural outcomes The
results show that the experience of one or more hypoxic epi-
sodes does not, however, seem to be directly related to out-
come on any of the behavioural measures. The hypoxia and
no-hypoxia groups did not differ significantly on any of the
BRIEF or CBCL outcome variables. Despite this pattern of
data, there were moderate effect sizes associated with the MI
index of the BRIEF, and the withdrawn depressed, rule-
breaking and aggressive behaviour syndrome scales and ex-
ternalizing behaviour syndrome grouping of the CBCL,

suggesting that with a larger sample size, these comparisons
could potentially reach significance.

The literature on predictors of cognitive and behavioural
outcomes post-TBI suggests a divide in terms of these two
areas of outcome. Although cognitive outcomes are strongly
determined by injury-related variables, a combination of
injury-related factors (e.g. severity) and environmental factors
(e.g. family functioning and psychosocial adversity), rather
than injury-related factors on their own, is strongly predictive
of behavioural outcome [23, 57–60]. Hence, there is a wider
range of predictors for behavioural outcomes than for cogni-
tive outcomes. Researchers view behavioural outcomes fol-
lowing TBI as complex and as a product of a range of
interacting factors that are not only limited to injury severity
but also extend to the family environment and to resources
both prior to and after the injury [61–63]. There is a dose-
response relationship between the predictors of behaviour
and associated outcome, such that more marked and persistent
post-injury behavioural difficulties are associated with more
severe TBI and poorer family environments [64].

Brain hypoxia-ischemia is a secondary injury-related factor
and not an environmental factor. In line with the argument
above, it is not surprising that PbtO2 on its own would not
predict behavioural functioning, at least not independently of
environmental factors (e.g. constraints that our children with
TBI face with poor schooling, low parental education levels,
poor rehabilitation facilities and special schooling post-injury)
or certainly not as strongly as the cognitive outcomes. That
being the case, in light of the aforementioned literature on
predictors of cognitive and behavioural outcomes, the fact that
episodes of PbtO2 < 10 mmHg may be associated more
strongly with cognitive rather than behavioural outcomes is
consistent with the literature.

An alternative explanation might be that the patients from
both groups came from lower SES backgrounds, and the
two groups did not differ significantly in terms of socio
demographic factors. Therefore, the same factors that could
contribute to poor behavioural outcomes were present in both
groups.

Finally, one might also consider how behaviour is typically
measured (i.e. via self- or other-report) in this field. In con-
trast, there are objective measures for cognition. Hence, re-
ports on behaviour might be less accurate than data collected
for cognition.

Significant differences on other physiological parameters
Besides significant differences between the groups on the
PbtO2 variables (number of episodes when PbtO2 < 10mmHg
and lowest PbtO2 value), the basis on which the groups were
formed, the hypoxia and no-hypoxia groups also differed sig-
nificantly on variables relating to raised ICP, low CPP and
lowest PaO2. The hypoxia group experienced higher ICP
values and lower CPP and PaO2 values. Hence, perturbations
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in variables other than PbtO2 might also contribute to the
differences found between hypoxia and no-hypoxia groups
on measures of neuropsychological test performance.

There was a large effect size associated with the between-
group comparison on lowest CPP. This suggests that this
physiological parameter accounts for a substantial proportion
of the total variance in neuropsychological test performance
between the two groups. Very limited literature exists explor-
ing the relationship between CPP and cognitive outcomes.
Lannoo et al. [65] did not find a definite association between
CPP and ICP in combination and cognitive outcomes. How-
ever, Lannoo et al. included both CPP and ICP measures in
combination and focused on an older sample (15–65 years).
Hence, follow-up studies are required to investigate the spe-
cific relationship between CPP and cognition.

Limitations and directions for future research

The small sample size limits the strength of the conclusions
that can be drawn and the generalizability of these results.
However, effect sizes are large and suggestive of real
between-group differences. We will aim to increase the sam-
ple size in follow-up studies.

Implementing a three-group comparison (i.e. a pTBI/
Hypoxia group, a pTBI/no-hypoxia group and a healthy con-
trol group) might have been most ideal for the questions we
attempted to answer in this study. The ultimate aim in
implementing this design would be to tease apart TBI and
hypoxic effects, both independently and combined. One way
to do this legitimately, however, would be in a regression
model where one could partial out the two effects and look
at an interaction effect. This design was not implemented,
however, due to the limited sample of eligible participants.

The sample’s broad age range might be interpreted as an-
other limitation, due to the fact that a great degree of
neurodevelopment can occur during the years covered by that
range. An increased sample size would not only give the study
better power but would also allow the detection of develop-
mental trends across more age bands (7–8, 9–10, 11–12 etc.).

A final possible limitation is that the measures of behav-
ioural outcomes included in this study were all self-report
measures, and hence, the fidelity of the behavioural results
depends solely on reliable reporting by parents. There are
obvious limitations to using these self-report measures, in-
cluding (a) the possibility of social desirability biases and,
with that, (b) under- or over-reporting of behaviours, (c) prob-
lems related to accessing data on moods and behaviours ret-
rospectively, which can lead to inaccurate reporting, or (d)
potential lack of information from respondents on the wide
range of behaviours surveyed in the questionnaires, rendering
the data incomplete [66–68]. Administering teacher, as op-
posed to just parent versions, of each of the behavioural mea-
sures would have strengthened the power of these results.

Summary and conclusion

The data reported here suggest that reaching a critical PbtO2

threshold of ≤10 mmHg may be detrimental to cognitive out-
comes following pTBI. Therefore, over and above the effects
of the TBI, which lead to poor neuropsychological and behav-
ioural outcomes, there may also be additional post-TBI hyp-
oxic effects that contribute to even worse cognitive outcomes.

In spite of the outlined limitations associated with this
study, the findings presented here and their potential implica-
tions warrant attention and further inquiry. This study is an
important first step in discerning the prognostic value of low
PbtO2 in determining neuropsychological outcomes post-
pTBI. However, although the conclusions that may be drawn
from these results are noteworthy and could have important
implications, they are tentative at this stage, requiring replica-
tion in studies with larger samples.
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