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Abstract

Background: Cerebral perfusion pressure (CPP) dose-response on post-traumatic brain injury (TBI) outcome in
children remains unknown. This project aimed to produce the first pediatric post-TBI CPP dose—response visualization
plot from the international multicenter KidsBrainIT data set.

Methods: Fully anonymized prospectively collected routine minute-by-minute intracranial pressure (ICP), mean arte-
rial blood pressure, and CPP time series data from 104 pediatric patients with TBI were categorized into CPP intensity
duration episodes, albeit CPP above or below a range of thresholds. These episodes were then correlated with the
6-month modified Glasgow Outcome Score (GOS) and depicted in 3D color-coded CPP dose-response plots. Addi-
tionally, the effects of cerebrovascular reactivity patterns and ICP were examined.

Results: Our pediatric CPP dose-response plots resembled the previously published adult CPP dose-response plots:
on the CPP pressure time plots, an exponential “black” transition curve separated CPP episodes associated with poor
(‘red GOS <4) and good ("blue”) outcome. Lower and higher ends of CPP intensity were only tolerated for shorter
durations. A “safe” CPP zone (56-89 mm Hg) was identified for childhood TBI with active cerebrovascular reactivity
pattern and ICP <20 mm Hg. Passive cerebrovascular reactivity pattern reduced the area of safe CPP doses. ICP lev-
els>20 mm Hg were associated with worse outcome, irrespective of CPP dose.

Conclusions: The pediatric CPP dose-response on poor outcome was visualized successfully for the first time.
Because the “critical” lower CPP limit exceeds the current recommended minimum CPP target for pediatric TBI treat-
ments, there is an urgent need to validate childhood CPP dose-response to provide evidence-based CPP clinical
targets in the future.

Keywords: Cerebral perfusion pressure, Child, Cerebrovascular reactivity, Dose-response plot, Intracranial pressure,
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Introduction

Pediatric traumatic brain injury (TBI) is a global health

challenge affecting a diverse demographic of more than 3
*Correspondence: milslo@ed.acuk million children worldwide [1-3]. Although severe brain
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it remains a leading cause of death and acquired disabil-
ity among survivors despite improved trauma and critical
care [2]. Childhood TBI has a long-lasting increased asso-
ciated socioeconomic cost per individual due to its impact
on executive functions and memory formation, which are
essential for schooling and social success [2, 4, 5].

Minimizing additional secondary physiological insult
to the already injured brain remains the mainstay of
modern severe TBI management for both adults [6] and
children [7]. Raised intracranial pressure (ICP), reduced
cerebral perfusion pressure (CPP), hypotension, and
hypoxia are known physiological insults associated with
morbidity and mortality in severe TBI [8-15]. Thus,
modern TBI management guidelines [6, 7] emphasize
the prevention, early detection, and prompt treatment
of raised ICP with optimization of CPP to safeguard ade-
quate cerebral blood flow because CPP, calculated as the
difference between mean arterial blood pressure (mABP)
and ICP, is the proxy pressure gradient to drive cerebral
blood flow [16].

The Brain Trauma Foundation guidelines recom-
mended monitoring of ICP in severe pediatric patients
with TBI to guide treatments, with the most recent
guidelines recommending ICP-lowering treatments to be
commenced if ICP is raised above 22 mm Hg in adults
and 20 mm Hg in pediatric patients for more than 5 min
[6, 7, 17]. These ICP treatment threshold recommenda-
tions were inspired by the concept of ICP dose, which
highlights the relationship between poor neurological
outcome and sustained duration of intracranial hyper-
tension in severe TBI [18]. Giiiza and other colleagues
subsequently demonstrated ICP dose—response in adult
and pediatric severe TBI using a 3D color-coded plot to
visualize the intuitive concept that the higher the ICP,
the shorter the duration a patient with TBI could tolerate
before poor neurological outcome [19-21]. Furthermore,
a CPP threshold <50 mm Hg was found to be detrimen-
tal to the tolerance of ICP dose-response in both adult
and pediatric patients [19, 21].

The post-TBI CPP treatment targets for both adults
and children in modern TBI management guidelines are
based on level IIB and level III evidence [6, 7]. The latest
Brain Trauma Foundation guidelines recommend main-
taining CPP between 60 and 70 mm Hg for adults [6], and
for pediatric TBI, a target between 40 and 50 mm Hg is
recommended to ensure the minimum value (40 mm Hg)
is not reached [7]. However, this guidance does not con-
sider the dose—response, which provides better insight
into the burden of CPP insults on outcome in terms of
severity and duration.

CPP dose-response on outcome in adult patients with
TBI was previously visualized by adapting the ICP dose
visualization plot methodology [19, 22]. Just like the

ICP dose-response plot, the 3D color-coded adult CPP
dose—response plot showed an exponential “black” tran-
sition curve separating positive (“blue”) and negative
(“red”) association of 6-month post-TBI global outcome
with CPP insults [22]. Assessing the relationship of CPP
events above and below different levels with outcome, a
“safe” zone of CPP values was defined and demonstrated
both lower and higher CPP values were only tolerated for
limited durations [22]. Furthermore, the CPP transitional
curves forming the safe zone when selectively visualiz-
ing CPP events changed in accordance with active versus
passive vasoreactivity pattern or with intracranial hyper-
tension [22]. These adult TBI CPP dose—response analy-
ses provide clinicians with enhanced insight into how
CPP insult burden impacted outcome, but CPP dose—
response visualization plots have not been reproduced in
pediatric brain trauma.

This study aims to produce the CPP dose-response vis-
ualization plots for the first time in an exclusive pediatric
TBI multicenter cohort.

Methods
A prospective observational study was conducted
through the multinational, multicenter KidsBrainIT
consortium.

Patients and Data

A total of 146 children aged 2 to less than 16 years old
who had sustained an accidental TBI and clinically
required ICP monitoring and pediatric intensive care unit
(PICU) care within the KidsBrainIT consortium were
included in the study [23]. Ethical and other regulatory
approvals were obtained in all 16 participating PICUs
from seven countries (UK, Belgium, Spain, Romania, Lat-
via, Italy, and Germany). The study was registered with
the National Health Service, the National Health Service
Research Scotland Permissions Coordinating Centre,
and the Health Research Authority. Prior to including
each patient’s data into the study, fully informed consent
was obtained from the legal guardian. Patients followed
standard escalating treatment procedures outlined in the
local PICU TBI guidelines, with all contributing PICUs
within the KidsBrainIT consortium having similar treat-
ment guidelines.

Throughout their PICU stay, patients had minute-by-
minute ICP and arterial blood pressure recorded as part
of routine clinical care. A parenchymal probe was used
for ICP measurements, and invasive arterial cannulation
was performed for arterial blood pressure monitoring,
zeroed as per institutional guidelines. Bedside monitors
calculated CPP as the difference between mABP and ICP.
This information, along with other routinely collected
physiological data recorded throughout their entire PICU
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stay, was extracted for the study. A predesigned clinical
research proforma collected demographic and clinical
details, including postresuscitation Glasgow Coma Score
(GCS), pupillary reactions, etc. [19, 21]. A predesigned
telephone questionnaire was used to assign modified
Glasgow Outcome Scores (GOS) determining global out-
comes at 6 months post injury [11, 12, 19, 21, 24-27].

Out of a total of 146 patients, none had decompressive
craniectomy and 104 had all the required data for CPP
dose-response analyses. Patients were excluded from the
analysis because of missing physiology time series data
(n=30) or GOS data (n=12). The assessed data encom-
passed age, sex, motor GCS, admission pupil reactivity,
minute-by-minute physiological ICP and mABP time
series, and GOS. Artifact annotation and removal in
the physiological data was conducted jointly by a part-
time KidsBrainIT researcher and a custom-built auto-
mated artifact detection system. Both the KidsBrainIT
researcher and the automated artifact detection algo-
rithm were trained using the same standard operating
procedure for artifact detection as employed by inde-
pendent experts in previously reported studies [11, 12,
19, 21, 22].

Visualization Method

The CPP dose—response plots were produced using the
visualization method previously described [22], which
was an adaptation of the original ICP dose-response
plot [19, 21]. Each time series of minute-by-minute CPP
data was first segmented into different episodes called
CPP insults, which were defined according to their inten-
sity on the x-axis and duration on the y-axis. Two types
of CPP insults were characterized by the measured CPP
either dropping below or remaining above a rolling CPP
threshold [22]. The CPP visualization was therefore per-
formed separately for insults of low CPP (CPPg,,,) and
insults of high CPP (CPPp,..)-

For each CPP insult, the Pearson correlation coefficient
between outcome and the average number of these types
of CPP insults per patient in each GOS category was
then computed [22]. The correlation coefficient ranged
from —1 to 1 and measured the degree of linear depend-
ency. A negative value indicated that the particular CPP
insult occurred more frequently with lower GOS, and a
positive correlation indicated that the particular CPP
insult was more frequent with higher GOS. A correlation
was excluded if the event did not occur in at least 20%
of the patient population. A contour plot showing lines
of equal correlation was then derived from the grid and
color coded with dark red and dark blue respectively rep-
resenting correlations of —1 and + 1. The black line high-
lighted the contour of zero correlation and was defined as
the “transition curve” because it indicated the transition

into the region of insult types that occurred more fre-
quently in patients with lower GOS. Uncertainty of the
CPPg,,,, and CPP,, .. transition lines was assessed by
computing a Fisher transformation for each computed
Pearson correlation with an 80% confidence interval (CI)
and by population bootstrapping with replacement (+2
SDs) [21, 28, 29].

Role of Cerebrovascular Reactivity

The influence of active versus passive cerebrovascu-
lar reactivity patterns on the association between CPP
events and GOS was assessed using the computed
median moving minute-by-minute correlation of prior
ICP and mABP values over windows ranging from 3 to
120 min, known as the low-frequency autoregulation
index (LAx) [19, 22, 30]. Subsequently, CPP event types
were classified into either a pressure active (LAx<O0)
or pressure passive (LAx>0) vasoreactivity [19, 22]. A
locally weighted nonparametric regression (LOESS) of
the second order with an o of 0.2 was used to smooth the
combined CPP,; .. and CPPy,, transition curves.

Role of ICP

The effect of ICP on the CPP events and outcome asso-
ciation was investigated by visualizing the CPP event
plots separately for events associated with average
ICP<20 mm Hg and ICP>20 mm Hg. The 20-mm Hg
ICP threshold was previously associated with poorer
global outcome (GOS) in pediatric patients [19, 21].

Multivariable Analyses

The independent association of the cumulative dose of
CPP insult burden with outcome was investigated using
multivariable binomial logistic regression models. The
cumulative dose of CPP insults was conceptualized by
computing the percentage of whole monitoring time a
patient spent in the red zone during their entire PICU
stay of the constructed CPP event graph. The percentage
of time spent in the red zone was conceptualized for (1)
CPPypover (2) CPPg,,.» and (3) their average. The model
was further populated with the International Mission on
Prognosis and Clinical Trial Design in TBI (IMPACT)
model core variables as covariates: age, admission pupil
reactivity, and admission motor GCS [21, 31-33]. All
analyses were performed using Python 3.7.1 and R 4.0.3
[34, 35].

Results

Table 1 summarizes the patient injury demographics, and
Table 2 displays the demographic distribution of admis-
sion GCS, age, pupil reactivity, and percentage of valid
CPP monitored time. The majority of our cohort had
favorable outcome (7 =65 with GOS > 3).
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Table 1 Patient injury demographics

Mechanisms of injury N=104

Causes
Pedestrian 50
Motor vehicle 15
Bicycle 10
Falls 15
Struck on head 9
Sports 3
Penetrating injury 2

Initial CT brain findings (> 1 feature allowed)
EDH 19
SDH+/—SAH 15
DAI 53
Contusions 24
Other 12

DAl diffuse axonal injury, EDH evacuated extradural haematoma, SAH
unevacuated subarachnoid hematoma, SDH uunevacuated subdural
haematoma, SAH unevacuated subarachnoid haematoma, DA/ diffuse axonal
injury

The CPP intensity duration association with GOS
visualization is shown in Fig. 1. Both the CPPy,,,, and
CPP 0y Variants of the visualization technique depict
a clear blue (CPP events associated with better GOS)
and red region (CPP events associated with worse GOS)
demarcated by a black transition curve that signals zero
correlation. Notably, the CPP visualization techniques
(Ccrp and CPP,;,..) pick up signal from the opposite

Below

CPP intensity limit to which they were tuned for. For
example, CPPg,,,, should emphasize the lower limit on
the CPP axis but returned, in addition, an attenuated
signal in the higher CPP ranges, reflecting associations
between high CPP events and GOS.

In-depth examination of the CPPg,,, and CPP,y...
plots revealed that CPP event intensities below 56 mm
Hg and above 89 mm Hg were not tolerated and were
consistently associated with low GOS scores. In the
CPPgqow Plot, CPP intensities above 56 mm Hg were
tolerated for a gradually increasing longer duration.
Conversely, in the CPP, .. plot, CPP intensities below
89 mm Hg were tolerated for a gradually increasing
longer duration. When combining both plots (CPPy,,,
and CPP,;..), no CPP intensity value is universally asso-
ciated with good outcome for longer than 306 min, as
reflected by the inflection point of the transition curves
(Fig. 1c). Graphs were cut off at 360 min from the onset
of a specific CPP insult due to the low amount of insults
present that lasted longer than 360 min, as shown in
previously published work of this methodology in adult
TBI [19, 22]. Uncertainty estimates of the CPPy,,,, and
CPP pp0ve Plots and their transition lines are summarized
in Supplementary Figs. 1-4-.

On average, in 26.4% (+29.26%) of the total monitor-
ing time, no LAx could be computed. When LAx was
available, patients were governed by active vasoreactivity
pattern for 54.5% (+21.77%) of the monitoring time. In
Fig. 2, the combined transition curves for CPPy,,,, and
CPP,,v. Were displayed along vasoreactivity patterns

Table 2 Patient characteristics summarized along GOS-6 (n=104)

3 (n=25)

4(n=31) 5(n=34)

1(n=10)

Summated GCS

Median (IQR) 3.50(3.00, 5.75) 6.50 (5.25, 7.00)
Motor GCS

Median (IQR) 9; 1.00 (1.00, 2.00) 2.50 (1.00, 4.00)
Age (Years)

Median (IQR) 10.50 (4.75,12.00) 8.50 (3.75,13.25)
Pupil reactivity, n (%)

None; N (%) 0(0) 0(0)

One; N (%) 1(11) 1(25)

Two; N (%) 8(89) 3(75)
CPP monitored time (days)

Median (IQR) 3.56 (2.06, 4.44) 3.04 (2.50,11.67)
% valid CPP monitored time

Median (IQR) 68.87 (47.25,90.92) 88.90 (75.08, 95.15)

23;6.00 (3.00, 7.00)
21;1.00 (1.00, 3.00)
7.50 (5.00, 11.00)
0(0)

3(12)

21 (88)

4.58 (1.75,8.40)

84.44 (71.08,96.05)

29;6.00 (4.00, 9.00)
23;3.00 (1.00, 5.00)
10.33 (6.00, 13.29)
0(0)

2(7)

28 (93)

4.97 (3.23,6.76)

97.59 (79.31,99.05)

32;7.00 (3.00, 9.50)
25;2.00 (1.00, 5.00)
10.00 (6.17,12.75)
10)

13)

29 (94)

3.92(1.29,4.81)

69.26 (36.54, 96.90)

GOS-6 ranges from 1 (death) to 5 (good outcome). The numbers preceding a semicolon reflect the total amount of patients of the GOS subpopulation thatwho had

the respective variable available

CPP cerebral perfusion pressure, GCS Glasgow Coma Score, GOS-6 Glasgow Outcome Score at 6 months, /QR interquartile range
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Fig. 1 Visualization of the univariate correlation between the Glasgow Outcome Score (GOS) and the average amount of cerebral perfusion pres-
sure (CPP) events per GOS category, N=104. CPP events are denoted by the colored dots in the graph, defined by an intensity threshold (x-axis)
maintained for a certain duration (y-axis). A negative association of a CPP event with GOS is color coded as dark red, which gradually transitions
toward dark blue for positive correlations. The zero correlation line, that is, the transition curve, is highlighted in black. a CPPg,,,, events, that is,
CPP (x-axis) represents the threshold defining events where CPP went below this threshold for a certain duration of time. b CPP, . . events, that is,
CPP (x-axis) represents the threshold defining events where CPP went above this threshold for a certain duration of time. € CPPg,,, and CPP e
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Fig. 2 Display of the combined cerebral perfusion pressure (CPP)
events transition curves along vasoreactivity state and their 95%
confidence interval. Active vasoreactivity reflected in green (low-
frequency autoregulation index [LAx] <0), passive vasoreactivity
reflected in red (LAx > 0), and the original transition curves (without
selecting for vasoreactivity) reflected in blue. Transition curves of
CPPgejow and CPP .« Were joined and smoothed using locally
weighted nonparametric regression (a=0.2)

after smoothing with LOESS. Under passive vasoreac-
tivity pattern (red), both transition curves (CPPg,,, and
CPPppove) shifted to the right on the CPP intensity axis
and showed a drastic reduction in maintained event

duration associated with good outcome under the trian-
gular curve with respect to active vasoreactivity pattern
(green) and combined patterns (blue). The transition
curves derived under active vasoreactivity pattern shifted
slightly left compared with the combined vasoreactiv-
ity patterns. However, durations up to 360 min could be
maintained for a negligible range of CPP intensities.

Next, the CPPy,,, and CPP, . visualizations
were repeated but solely for CPP events with either
ICP <20 mm Hg or ICP >20 mm Hg, as shown in Fig. 3.
When ICP was below 20 mm Hg, CPP doses with inten-
sities between 30 and 93 mm Hg were better tolerated
for increasing durations (Fig. 3a, c¢). Conversely, when the
CPPg, and CPP,; ... plots were visualized for events
with ICP>20 mm Hg only, the plots turned completely,
red irrespective of CPP insult intensity and duration
(Fig. 3b, d).

On average, patients spent 53.28% (+12.9%) of their
total monitoring time in the red zone. Taken together
with the IMPACT covariates (age, pupil reactivity,
GCS motor) in a multivariable logistic regression, the
time spent in the red zone was an independent predic-
tor of mortality (GOS 1) (odds ratio [OR] 1.07; 95% CI
1.01-1.16; p=0.035) but not of unfavorable neurological
outcome (GOS<4) (OR 1.03; 95% CI 1.0-1.08; p=0.1)
(Table 3). Motor GCS was a significant predictor for
unfavorable neurological outcome (OR 0.71; 95% CI
0.52-0.95; p=0.025). The results of the latter analyses for
solely the CPP,y .. and CPPg,,., plots are summarized in
Supplementary Tables 1 and 2, respectively.
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Fig. 3 Visualization of the univariate correlation between the Glasgow Outcome Score (GOS) and the average amount of cerebral perfusion pres-
sure (CPP) events per GOS category, delineated by an intracranial pressure (ICP) threshold of 20 mm Hg. The red and blue color-coded zones denote
a negative and positive correlation of CPP events with GOS, with CPP event intensity (x-axis) and duration (y-axis). Zero correlation contour is high-
lighted in black. @ CPPg,,, with ICP <20 mm Hg. b CPPg,,, with ICP >20 mm Hg. € CPP . with ICP <20 mm Hg. d CPP,,, . with ICP >20 mm Hg

Table 3 Average time in red zone of CPP,,; ... and CPPgp 10w

ICharacteristic GOS unfavourable GOS mortality
(0] 95% Cl 95% Cl
Proportion monitoring time in 1.03 1.0,1.08 0.10 1.07 1.01,1.16 0.035
red zone
Pupil reactivity 1.26 0.32,5.20 0.7 0.82 0.04,4.79 09
Motor GCS 0.71 0.52,0.95 0.025 067 0.31,1.10 0.2
Age (years) 1.00 0.88,1.13 >09 1.14 092,144 0.2

Cl confidence interval, CPP cerebral perfusion pressure, GCS Glasgow Coma Score, GOS-6 Glasgow Outcome Score at 6 months
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Discussion

In this multicenter, multinational study of childhood
severe TBI requiring PICU care, we were the first to suc-
cessfully produce the pediatric CPP dose—response plots
visualizing a well demarcated transition curve separating
the positive and negative associations between the occur-
rence of CPP insults and global outcome. This pediatric
CPP dose—response plot was the first to demonstrate an
exponential course similar to that seen in the adult TBI
CPP dose-response study [22].

The adult CPP dose-response plot, using minute-by-
minute “clinical grade” physiology data, clearly illustrated
the intuitive concept that the lower the CPP, the shorter
the time this could be tolerated by adult patients with TBI
[22]. Although the ICP dose—response methodology was
validated in pediatric TBI [19, 21], this current study is
the first to successfully produce CPP dose—response plots
in childhood brain trauma. Swedish colleagues attempted
in 2023 to produce a pediatric CPP dose-response
plot but were unsuccessful due to too few patients hav-
ing GOS <4 (14.75%), with CPP events excluded if they
occurred in less than 20 patients (32.79%), making it
near impossible determine CPP dose-response [32]. In
contrast, 39 patients (37.5%) in the present study had
GOS <4, allowing us to produce the first pediatric CPP
dose—response plot with red zones highlighting those
CPP events associated with poor outcome, akin to the
CPP dose-response concept previously described in
adults [22].

Producing this first pediatric CPP dose—response visu-
alization plot is important because it suggests that hav-
ing a CPP below 56 mm Hg of any duration is associated
with poor outcome in our patients. In contrast, the latest
international pediatric TBI ICU treatment guidelines rec-
ommend targeting CPP between 40 and 50 mm Hg [17].
Efforts to optimize outcomes may require that CPP tar-
gets be higher than the insult thresholds identified in this
study. The “critical” CPP insult threshold of 56 mm Hg
observed in this current study is similar to that in previ-
ous childhood brain trauma studies [12, 36]. There is an
urgent need to validate our pediatric CPP dose—response
plot methodology to ascertain the lowest safe CPP target
level for childhood TBI in a larger independent pediatric
cohort. This will ensure stronger evidence-based recom-
mendations for pediatric CPP treatment thresholds in
the future and thus alleviate the existing uncertainty in
the literature on what the minimum CPP target thresh-
olds in children should be [7, 12, 36, 37].

The relationship between high CPP and outcome in
pediatric TBI is poorly described in the literature, as
previous studies have focused on the lowest CPP insult
thresholds [12, 36, 37]. This current study demonstrated
for the first time that high CPP was not completely

harmless following pediatric TBI, that is, higher CPP
was tolerated for a shorter duration [22]. This means
both upper and lower transition curves for CPP dose—
responses need to be considered together to produce
the safe zone of CPP treatment targets in childhood TBL
This CPP safe zone concept concurs with a previous
adult TBI CPP dose—response report [22]. Furthermore,
cerebrovascular reactivity patterns affect the size of the
safe zone for CPP in both adult [22] and pediatric TBI,
as observed here. A recent article attempted to visualize
high-frequency “research-grade” CPP, or ACPP, (actual
CPP —calculated CPP,;,,), data and outcome follow-
ing adult TBI [38]. Despite including more than 500
adult patients’ data, they did not have sufficient data to
produce the black transition curves separating good and
poor outcome or identify the safe zone of CPP [38]. They
did confirm low CPP was associated with worse outcome
when cerebral autoregulation as measured by the pres-
sure-reactivity index (PRx) was concurrently impaired
[38].

We also demonstrated for the first time that ICP above
20 mm Hg was associated with poor outcome in pediatric
patients with TBI regardless of CPP levels. This concurs
with similar observations in the adult CPP dose—response
study [22]. One explanation is that the high ICP reflects
the seriousness of the patient’s whole clinical condition
rather than the exact pressure level itself and therefore
is reflected in the profound relationship with outcome.
Although high ICP impacts post-TBI outcome, overrul-
ing the effects of CPP, this should not be interpreted as
CPP management being unimportant during episodes
of high ICP. Previous ICP dose-response studies in both
adult and pediatric TBI highlighted ICP insults were not
well tolerated if CPP was less than 50 mm Hg [19, 21].

Our current study has several limitations. The number
of patients in this study is relatively small despite being
a multinational, multicenter study involving 16 PICUs in
seven countries. This confirms the reported decreased
incidence of pediatric brain trauma in higher-income
countries due to successful implementation of injury pre-
vention initiatives [39, 40]. Due to the small sample size,
especially those with poor outcome (GOS <4), subgroup
analysis to determine age effects on CPP dose and out-
come in childhood TBI was not possible (Supplementary
Fig. 5). Using global outcome as measured by GOS as our
primary outcome is another important limitation of our
study. This limits our ability to understand the impact of
CPP dose-response on detailed functional outcome fol-
lowing childhood brain trauma. This is, however, a com-
mon weakness for multinational, multicenter studies
due to the expensive detailed face-to-face neurodevel-
opmental assessments required for functional outcome
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assessments, which cannot be deployed at scale for mul-
ticenter studies.

Our analysis was conducted on observational study
data obtained from a cohort of patients who received
ICP- and CPP-directed treatments. This limits our ability
to assess the individual contributions to clinical outcome
of the secondary CPP and ICP insult intensity compared
with the possible benefit or harm of medical interven-
tions delivered to manage them.

All contributing centers for this study zeroed arterial
blood pressure at the right atrial level, which is a rou-
tine clinical practice similar to other PICUs in the UK,
Europe, and Australia. This methodological issue, aris-
ing from an observational clinical study, may introduce a
potential source of error with the calculation of CPP due
to varying hydrostatic pressure gradients. We attempted
to quantify this issue by using our contributing cent-
ers’ data collected on patients’ trunk sizes and age, and
all indicated that the error would tend more towards the
lower end of the scale rather than the worst-case scenario
of an adult-sized trunk measurement with 30 degrees
head-up tilt. This is because the most common degree
of head-up tilt employed in our cohort was 30 degrees in
the majority (>93%) of our patients, with the mean and
median age in the region of 7 years old, and less than half
of our patients were aged 12 years or older.

A trained researcher with prior PICU clinical expe-
rience and a custom-built automated artifact removal
algorithm jointly completed the task of detecting and
removing the obvious artifacts in the raw physiological
data in this study. Using this joint approach to detect arti-
facts might potentially introduce bias, but we found that
both the trained researcher and our custom-built auto-
mated algorithm successfully identified the artifacts as
well as the independent experts in our previous studies
[11, 12, 19, 21]. The trained researcher or the automated
algorithm only removed the obvious artifacts, like our
previous ICP dose-response study [21], but they did not
detect less obvious artifacts because we wanted to retain
as much of the granularity of the minute-by-minute data
as possible.

Conclusions

This first pediatric CPP dose—response plot produced
a better insight into the impact of low and high CPP
insults on outcome following childhood brain trauma,
but our cohort size was insufficient for age-related sub-
group analysis. CPP below 56 mm Hg was not tolerated
in all pediatric patients with TBI in this study regard-
less of their vasoreactivity patterns. A safe zone of CPP
was identified only in the cohort with active vasoreactiv-
ity pattern. Larger studies are required to validate CPP

dose-response in pediatric TBI and to unravel age-spe-
cific CPP target thresholds.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1007/512028-025-02296-z.

Author details

! Department of Neurosciences, KU Leuven, Leuven, Belgium. 2 Department
of Neurosurgery, University Hospitals Leuven, Leuven, Belgium. ® Usher
Institute, University of Edinburgh, Edinburgh, UK. 4 Paediatric Critical Care Unit,
Royal Hospital for Children & Young People, Edinburgh, UK. ® Department

of Neurosurgery, Vall d'Hebron University Hospital, Barcelona, Spain. 6 Depart-
ment of Neurosurgery, GrT Popa University of Medicine and Pharmacy, lasi,
Romania. ’ Paediatric Intensive Care Unit, Bristol Royal Hospital for Children,
University Hospitals Bristol NHS Foundation Trust, Bristol, UK. 8 Paediatric
Intensive Care, Parc Tauli University Hospital, Sabadell, Spain. 9 Paediatric
Critical Care, John Radcliffe Hospital, Oxford University Hospitals NHS Founda-
tion Trust, Oxford, UK. '° Paediatric Intensive Care Unit, Royal Manchester’s
Children’s Hospital, Manchester University Hospitals NHS Foundation Trust,
Manchester, UK. '" Royal Hospital for Children & Institute of Neurological Sci-
ences, Glasgow Paediatric Neurosurgery, Goven Road, Glasgow, UK. '2 Section
of Pediatric Neurosurgery, Department of Neurosurgery, University Hospital
Tubingen, Tibingen, Germany. ? Clinic for Anesthesiology and Intensive Care,
Children’s Clinical University Hospital, Riga, Latvia. 4 Neonatal and Pediatric
Intensive Care Unit, IRCCS Istituto Giannina Gaslini, Genova, Italy. '* Child Life
and Health, University of Edinburgh, Edinburgh, UK.

Acknowledgements

We would like to acknowledge the local principal investigator and their team
in the KidsBrainIT consortium for their contributions to the success of patient
recruitments: (In the UK) K. Morris from the Birmingham Children’s Hospital,
Birmingham, UK; D. Wood and M. Garcia Cusco from the Bristol University
Hospital, Bristol, UK; J. Kandasamy from the Royal Hospital for Children and
Young People, Edinburgh, UK; R. Levin and R. O'Kane from the Royal Hospital
for Children, Glasgow, UK; K. Thorburn, C. Park, and N. Shetty from the Alder
Hey Children’s Hospital, Liverpool, UK; B. Dwarakanathan from St. George'’s
University Hospitals NHS Foundation Trust, London, UK; G. Subramanian from
the Manchester University NHS Foundation Trust, Manchester, UK; P. Davies
from the Nottingham University Hospital, Nottingham, UK; J. Weitz and A.
Sarfatti from the Oxford University Hospital, Oxford, UK; (In the European
Union) G. Meyfroidt from the University Hospitals Leuven, Leuven, Belgium; M.
Poca from the Vall d’Hebron University Hospital, Barcelona, Spain; S. Tascu from
the Bagdasar-Arseni Clinical Hospital, Bucharest, Romania; C. Apetrei from the
Emergency Hospital “Prof. Dr. N. Oblu lasi," lasi, Romania; A. Moscatelli from the
IRCCS Istituto Giannina Gaslini, Genova, Italy; and M. Schuhmann from the
University Hospital Tibingen, Tibingen, Germany. We send our special thanks
to Prof. R. A. Minns for his contribution to KidsBrainIT pilot and mentoring Dr.
Lo. Finally, we would like to thank Dr. Ir. Giorgia Carra for her guidance to Bavo
Kempen on data analysis used in this study and Rob Donald for his contribu-
tion to the semiautomated artifact detection algorithm.

Author Contributions

Bavo Kempen, Tsz-Yan Milly Lo, and Bart Depreitere wrote the first draft and
finalized the manuscript with contributions from other co-authors. Bavo
Kempen conducted the analysis with Drs. Depreitere and Lo's feedback. lan
Piper delivered the purpose-built data collection tool and bedside monitor
interfacing for data extraction, which were essential for this project. Patricia
Jones led the physiological data cleaning methodology. Drs. Depreitere and
Lo are joint senior authors for this article. All authors read and approved the
final manuscript.

Source of support

The KidsBrainIT project was funded by the ERA-NET NEURON Joint Transla-
tional Call JTC) 2016, with MRC as its UK funding partner (MR/R004498/1).
Bavo Kempen is funded by a PhD fellowship strategic basic research from the
Foundation for Scientific Research Flanders (1512525N), and Bart Deprei-
tere was funded by a Research Chair on Brain Trauma awarded by the Laly


https://doi.org/10.1007/s12028-025-02296-z
https://doi.org/10.1007/s12028-025-02296-z

93

Foundation. Dr. Lo's research time is funded by the NHS Research Scotland
Career Research Clinician Award.

Declaration

Conflicts of interest
The authors declare that they have no competing interests.

Ethical approval/informed consent

Ethical and other regulatory approvals were obtained in all 16 participating
PICUs from seven countries (UK, Belgium, Spain, Romania, Latvia, Italy, and
Germany). The study was registered with the National Health Service, National
Health Service Research Scotland Permissions Coordinating Centre, and the
Health Research Authority.

Open Access

This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted

by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 4 March 2025 Accepted: 2 May 2025
Published: 3 June 2025

References

1. Schneier AJ, Shields BJ, Hostetler SG, et al. Incidence of pediatric trau-
matic brain injury and associated hospital resource utilization in the USA.
Pediatrics. 2006;118(2):483-92. https://doi.org/10.1542/peds.2005-2588.

2. Dewan MC, Mummareddy N, Wellons JC, et al. Epidemiology of global
pediatric traumatic brain injury: qualitative review. World Neurosurg.
2016;91:497-509.e1. https://doi.org/10.1016/j.wneu.2016.03.045.

3. Maas AR, Menon DK, Adelson PD, et al. Traumatic brain injury: integrated
approaches to improve prevention, clinical care, and research. Lancet
Neurol. 2017;16(12):987-1048. https://doi.org/10.1016/51474-4422(17)
30371-X.

4. Cook LG, Chapman SB, Elliott AC, et al. Cognitive gains from gist reason-
ing training in adolescents with chronic-stage traumatic brain injury.
Front Neurol. 2014;5:87. https://doi.org/10.3389/fneur.2014.00087.

5. Keenan HT, Clark AE, Holubkov R, et al. Trajectories of children’s
executive function after traumatic brain injury. JAMA Netw Open.
2021;4(3):212624. https://doi.org/10.1001/jamanetworkopen.2021.2624.

6. Carney N, Totten AM, O'Reilly C, et al. Guidelines for the management of
severe traumatic brain injury. Neurosurgery. 2017;80(1):6. https://doi.org/
10.1227/NEU.0000000000001432.

7. Kochanek PM, Tasker RC, Carney N, et al. Guidelines for the management
of paediatric severe traumatic brain injury. Paediatric Criti Care Med.
2019;20:51-82. https://doi.org/10.1097/PCC.0000000000001735.

8. Miller JD, Becker DP, Ward JD, et al. Significance of intracranial hyperten-
sion in severe head injury. J Neurosurg. 1977;47(4):503-16. https://doi.
0rg/10.3171/jns.1977.47.4.0503.

9. Marmarou A, Anderson RL, Ward JD, et al. Impact of ICP instability and
hypotension on outcome in patients with severe head trauma. J Neuro-
surg. 1991,75(Supplement):S59-66. https://doi.org/10.3171/sup.1991.75.
15.0s59.

20.

AR

22.

23.

24.

25.

26.

27.

28.

29.

. Chesnut RM, Marshall LF, Klauber MR, et al. The role of secondary brain

injury in determining outcome from severe head injury. J Trauma.
1993;34(2):216-22. https://doi.org/10.1097/00005373-199302000-00006.

. Jones PA, Andrews PJD, Easton VJ, et al. Traumatic brain injury in child-

hood: intensive care time series data and outcome. Br J Neurosurg.
2003;17(1):29-39.

. Chambers IR, Jones PA, Lo TYM, et al. Critical thresholds of intracranial

pressure and cerebral perfusion pressure related to age in paediatric
head injury. J Neurol Neurosurg Psychiatry. 2006;77(2):234-40. https://doi.
0rg/10.1136/jnnp.2005.072215.

. Badri S, Chen J, Barber J, et al. Mortality and long-term functional

outcome associated with intracranial pressure after traumatic brain
injury. Intensive Care Med. 2012;38(11):1800-9. https://doi.org/10.1007/
500134-012-2655-4.

. Spaite DW, Hu C, Bobrow BJ, et al. Mortality and prehospital blood

pressure in major traumatic brain injury: the absence of a hypotension
threshold. JAMA Surg. 2017;152(4):360-8. https://doi.org/10.1001/jamas
urg.2016.4686.

. Seo DE, Shin SD, Song KJ, et al. Effect of hypoxia on mortality and disabil-

ity in traumatic brain injury according to shock status: a cross-sectional
analysis. Am J Emerg Med. 2019;37(9):1709-15. https://doi.org/10.1016/].
ajem.2018.12.022.

. Steiner LA, Andrews PJD. Monitoring the injured brain: ICP and CBF. Br J

Anaesth. 2006;97(1):26-38. https://doi.org/10.1093/bja/ael110.

. Kochanek PM, Tasker RC, Bell MJ, et al. Management of paediatric

severe traumatic brain injury: 2019 consensus and guidelines-based
algorithm for first and second tier therapies. Paediatric Criti Care Med.
2019;20(3):269. https://doi.org/10.1097/PCC.0000000000001737.

. Vik A, Nag T, Fredriksli OA, et al. Relationship of “dose” of intracranial

hypertension to outcome in severe traumatic brain injury: Clinical article.
J Neurosurg. 2008;109(4):678-84. https://doi.org/10.3171/JNS/2008/109/
10/0678.

. Guiza F, Depreitere B, Piper |, et al. Visualizing the pressure and time bur-

den of intracranial hypertension in adult and paediatric traumatic brain
injury. Intensive Care Med. 2015;41(6):1067-76. https://doi.org/10.1007/
500134-015-3806-1.

Donnelly J, Zeiler FA, GUiza F, et al. Visualization of intracranial pressure
insults after severe traumatic brain injury: influence of individualized
limits of reactivity. In: Depreitere B, Meyfroidt G, Guiza F, editors,, et al.,
Intracranial Pressure and Neuromonitoring XVII. Cham: Springer; 2021. p.
7-10.

Kempen B, Depreitere B, Piper |, et al. Visualization of the intracranial pres-
sure and time burden in childhood brain trauma: What we have learnt
one decade on with KidsBrainIT. J Neurotrauma. 2024. https://doi.org/10.
1089/neu.2023.0254.

Guiza F, Meyfroidt G, Piper |, et al. Cerebral perfusion pressure insults and
associations with outcome in adult traumatic brain injury. J Neurotrauma.
2017;34(16):2425-31. https://doi.org/10.1089/neu.2016.4807.

LoT, Piper I, Depreitere B, et al. KidsBrainIT: a new multi-centre, multi-
disciplinary, multi-national paediatric brain monitoring collabora-

tion. Acta Neurochir Suppl. 2018;126:39-45. https://doi.org/10.1007/
978-3-319-65798-1_9.

Teasdale G, Jennett B. Assessment of coma and impaired consciousness:
a practical scale. The Lancet. 1974;304(7872):81-4. https://doi.org/10.
1016/50140-6736(74)91639-0.

Jennett B, Bond M. Assessment of outcome after severe brain damage:

a practical scale. The Lancet. 1975;305(7905):480-4. https://doi.org/10.
1016/50140-6736(75)92830-5.

Jennett B, Snoek J, Bond MR, et al. Disability after severe head injury:
observations on the use of the Glasgow Outcome Scale. J Neurol Neuro-
surg Psychiatry. 1981;44(4):285-93. https://doi.org/10.1136/jnnp.44.4.285.
Adelson PD, Clyde B, Kochanek PM, et al. Cerebrovascular response in
infants and young children following severe traumatic brain injury: a
preliminary report. Pediatr Neurosurg. 1997;26(4):200-7.

Akerlund CA, Donnelly J, Zeiler FA, et al. Impact of duration and magni-
tude of raised intracranial pressure on outcome after severe traumatic
brain injury: a CENTER-TBI high-resolution group study. PLoS ONE.
2020;15(12):e0243427. https://doi.org/10.1371/journal.pone.0243427.
Carra G, Elli F, lanosi B, et al. Association of dose of intracranial hyper-
tension with outcome in subarachnoid hemorrhage. Neurocrit Care.
2021;34(3):722-30. https://doi.org/10.1007/512028-021-01221-4.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1542/peds.2005-2588
https://doi.org/10.1016/j.wneu.2016.03.045
https://doi.org/10.1016/S1474-4422(17)30371-X
https://doi.org/10.1016/S1474-4422(17)30371-X
https://doi.org/10.3389/fneur.2014.00087
https://doi.org/10.1001/jamanetworkopen.2021.2624
https://doi.org/10.1227/NEU.0000000000001432
https://doi.org/10.1227/NEU.0000000000001432
https://doi.org/10.1097/PCC.0000000000001735
https://doi.org/10.3171/jns.1977.47.4.0503
https://doi.org/10.3171/jns.1977.47.4.0503
https://doi.org/10.3171/sup.1991.75.1s.0s59
https://doi.org/10.3171/sup.1991.75.1s.0s59
https://doi.org/10.1097/00005373-199302000-00006
https://doi.org/10.1136/jnnp.2005.072215
https://doi.org/10.1136/jnnp.2005.072215
https://doi.org/10.1007/s00134-012-2655-4
https://doi.org/10.1007/s00134-012-2655-4
https://doi.org/10.1001/jamasurg.2016.4686
https://doi.org/10.1001/jamasurg.2016.4686
https://doi.org/10.1016/j.ajem.2018.12.022
https://doi.org/10.1016/j.ajem.2018.12.022
https://doi.org/10.1093/bja/ael110
https://doi.org/10.1097/PCC.0000000000001737
https://doi.org/10.3171/JNS/2008/109/10/0678
https://doi.org/10.3171/JNS/2008/109/10/0678
https://doi.org/10.1007/s00134-015-3806-1
https://doi.org/10.1007/s00134-015-3806-1
https://doi.org/10.1089/neu.2023.0254
https://doi.org/10.1089/neu.2023.0254
https://doi.org/10.1089/neu.2016.4807
https://doi.org/10.1007/978-3-319-65798-1_9
https://doi.org/10.1007/978-3-319-65798-1_9
https://doi.org/10.1016/S0140-6736(74)91639-0
https://doi.org/10.1016/S0140-6736(74)91639-0
https://doi.org/10.1016/S0140-6736(75)92830-5
https://doi.org/10.1016/S0140-6736(75)92830-5
https://doi.org/10.1136/jnnp.44.4.285
https://doi.org/10.1371/journal.pone.0243427
https://doi.org/10.1007/s12028-021-01221-4

94

30.

31

32.

33

34

35.

Depreitere B, Guiza F, Van den Berghe G, et al. Pressure autoregulation
monitoring and cerebral perfusion pressure target recommendation in
patients with severe traumatic brain injury based on minute-by-minute
monitoring data. J Neurosurg. 2014;120(6):1451-7. https://doi.org/10.
3171/2014.3.NS131500.

Steyerberg EW, Mushkudiani N, Perel P, et al. Predicting outcome after
traumatic brain injury: development and international validation of
prognostic scores based on admission characteristics. PLoS Med.
2008;5(8):e165. https://doi.org/10.1371/journal.pmed.0050165.
Svedung Wettervik T, Velle F, Hanell A, et al. ICP, PRx, CPP, and ACPPopt in
paediatric traumatic brain injury: the combined effect of insult intensity
and duration on outcome. Child’s Nervous Syst. 2023;39(9):2459-66.
https://doi.org/10.1007/500381-023-05982-5.

Young AMH, Guilfoyle MR, Fernandes H, Garnett MR, Agrawal S, Hutch-
inson PJ. The application of adult traumatic brain injury models in a

paediatric cohort. Published online November 1, 2016. https://doi.org/10.

3171/2016.5.PEDS15427

Van Rossum G, Drake FL. Python 3 Reference Manual. CreateSpace: Scotts
Valley; 2009.

Team RC. R: A Language and Environment for Statistical Computing.
2018.

36.

37.

38.

39.

40.

Chambers IR, Stobbart L, Jones PA, et al. Age-related differences in
intracranial pressure and cerebral perfusion pressure in the first 6 hours
of monitoring after children’s head injury: association with outcome.
Child's Nervous Syst. 2005;21(3):195-9. https://doi.org/10.1007/
500381-004-1060-x.

Woods KS, Horvat CM, Kantawala S, et al. Intracranial and cerebral perfu-
sion pressure thresholds associated with inhospital mortality across
paediatric neurocritical care. Paediatric Criti Care Med. 2021;22(2):135-46.
https://doi.org/10.1097/pcc.0000000000002618.

Svedung Wettervik T, Beqiri E, Hanell A, et al. Visualization of cerebral
pressure autoregulatory insults in traumatic brain injury. Crit Care Med.
2024,52(8):1228-38. https://doi.org/10.1097/CCM.0000000000006287.
Olsen M, Vik A, Nilsen TIL, et al. Incidence and mortality of moderate and
severe traumatic brain injury in children: a ten year population-based
cohort study in Norway. Eur J Paediatr Neurol. 2019;23(3):500-6. https://
doi.org/10.1016/j.€jpn.2019.01.009.

Bruns N, Trocchi P, Felderhoff-Muser U, et al. Hospitalization and morbid-
ity rates after pediatric traumatic brain injury: a nation-wide population-
based analysis. Front Pediatrics. 2021;9:63.


https://doi.org/10.3171/2014.3.JNS131500
https://doi.org/10.3171/2014.3.JNS131500
https://doi.org/10.1371/journal.pmed.0050165
https://doi.org/10.1007/s00381-023-05982-5
https://doi.org/10.3171/2016.5.PEDS15427
https://doi.org/10.3171/2016.5.PEDS15427
https://doi.org/10.1007/s00381-004-1060-x
https://doi.org/10.1007/s00381-004-1060-x
https://doi.org/10.1097/pcc.0000000000002618
https://doi.org/10.1097/CCM.0000000000006287
https://doi.org/10.1016/j.ejpn.2019.01.009
https://doi.org/10.1016/j.ejpn.2019.01.009

	KidsBrainIT: Visualization of the Impact of Cerebral Perfusion Pressure Insult Intensity and Duration on Childhood Brain Trauma Outcome
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Patients and Data
	Visualization Method
	Role of Cerebrovascular Reactivity
	Role of ICP
	Multivariable Analyses

	Results
	Discussion
	Conclusions
	Acknowledgements
	References




