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Abstract

Background: Monitoring intracranial pressure (ICP) and cerebral perfusion pressure (CPP) is crucial in the manage-
ment of the patient with severe traumatic brain injury (TBI). In several institutions ICP and CPP are summarized hourly
and entered manually on bedside charts; these data have been used in large observational and interventional trials.
However, ICP and CPP may change rapidly and frequently, so data recorded in medical charts might underestimate
actual ICP and CPP shifts. The aim of this study was to evaluate the accuracy of manual data annotation for proper
capturing of ICP and CPP. For this aim, we (1) compared end-hour ICP and CPP values manually recorded (MR) with
values recorded continuously by computerized high-resolution (HR) systems and (2) analyzed whether MR ICP and
MR CPP are reliable indicators of the burden of intracranial hypertension and low CPP.

Methods: One hundred patients were included. First, we compared the MR data with the values stored in the com-
puterized system during the first 7 days after admission. For this point-to-point analysis, we calculated the difference
between end-hour MR and HR ICP and CPP. Then we analyzed the burden of high ICP (> 20 mm Hg) and low CPP
(<60 mm Hg) measured by the computerized system, in which continuous data were stored, compared with the
pressure—time dose based on end-hour measurements.

Results: The mean difference between MR and HR end-hour values was 0.02 mm Hg for ICP (SD 3.86 mm Hg) and
1.54 mm Hg for CPP (SD 8.81 mm Hg). ICP>20 mm Hg and CPP <60 mm Hg were not detected by MR in 1.6% and
5.8% of synchronized measurements, respectively. Analysis of the pathological ICP and CPP throughout the recording,
however, indicated that calculations based on manual recording seriously underestimated the ICP and CPP burden (in
42% and 28% of patients, respectively).

Conclusions: Manual entries fairly represent end-hour HR ICP and CPP. However, compared with a computerized
system, they may prove inadequate, with a serious risk of underestimation of the ICP and CPP burden.

Keywords: Traumatic brain injury, Intracranial pressure, Cerebral perfusion pressure, Data collection
-

Introduction

Intracranial pressure (ICP) monitoring is indicated in
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appropriate treatments and potentially improve patient
outcome [2, 3]. ICP and CPP data in the last few dec-
ades have served to explore the impact of these param-
eters on TBI outcome [4-9] and the efficacy of specific
treatments and management protocols in observational
studies and clinical trials [11-15].

The technologies and methods employed to acquire,
store, and analyze ICP and CPP data in the literature
vary, depending on the aims of the researchers and
on the resources available [16]. High-resolution (HR)
systems (sampling at frequencies higher than 100 Hz)
allow continuous accurate data accumulation but are
expensive and require trained staff. As a consequence,
manual hourly recording of ICP and CPP on bedside
charts or in case report forms (CRFs) is more common
in clinical practice, and despite possible limitations,
manual systems have been used in important multi-
center studies [12—14, 17]. However, retrospective anal-
ysis from small single-center cohorts of patients [18,
19] indicate that these intermittent ICP and CPP values
under-represent the severity and instability of intracra-
nial hypertension.

We hypothesized that intermittent recording of ICP
and CPP might underestimate the occurrence and
intensity of high ICP and low CPP. The main objectives
of our study were the following:

1. To compare, in a large multicenter cohort of patients,
manually recorded (MR) end-hour ICP and CPP with
ICP and CPP recorded simultaneously by a comput-
erized HR system

2. To analyze whether intermittent MR ICP and MR
CPP are reliable indicators of the burden of intracra-
nial hypertension and low CPP.

Methods

Patients

Of 2,138 ICU patients enrolled in the Collaborative
European Neuro Trauma Effectiveness Research in TBI
(CENTER-TBI) trial (NCT02210221, registered on
August 6, 2014), a subgroup of 277 patients had high-
frequency digital signals from ICU monitoring (full
waveform resolution at sampling frequencies of at least
100 Hz, provided by bedside monitors connected to
dedicated computerized systems), and this was referred
to as the High-Resolution CENTER-TBI Sub-Study
(HR CENTER-TBI). These patients were enrolled in 21
centers from January 2015 to December 2017 and were
treated in accordance with current evidence-based guide-
lines for TBI. All patients from this cohort were con-
sidered for this study. We further selected only patients
with HR ICP monitoring lasting more than 72 h and
with long-term functional outcome data (ie., 6-month
Glasgow Outcome Scale Extended score). Patients with
external-ventricular-drain-based ICP data were excluded
given the interruptions of ICP recording for cerebro-
spinal fluid drainage. In all, 100 patients were randomly
selected (Fig. 1).

Data collection in the CENTER-TBI study adhered to
ethical standards; medical ethics committees of all par-
ticipating centers approved the study. Informed consent
was obtained in accordance with local regulations. The
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list of sites, ethical committees, approval numbers, and
approval dates can be found on the website https://www.
center-tbi.eu/project/ethical-approval.

Data Collection

As part of recruitment to the HR CENTER-TBI Sub-
Study, all patients had demographic, injury, and imag-
ing data prospectively recorded using a Web-based
electronic CRF (Quesgen e-CRF, Quesgen Systems Inc,
hosted on the International Neuroinformatics Coordi-
nating Facility (INCF) platform and extracted via the
INCF Neurobot tool, INCF, Sweden). For this study, basic
admission demographics and centrally reported com-
puted tomography (CT) variables for each patient’s first
available CT scan were extracted using a bespoke data
management tool (Neurobot [http://neurobot.incf.org]
data version 2.1).

MR ICP and CPP

End-hour ICP, systolic blood pressure (SBP), and dias-
tolic blood pressure (DBP) were MR in the CRF every
2 h. Mean arterial pressure (MAP) was calculated
as (SBP+2x [DBP])/3, and CPP was calculated as
MAP —ICP.

HRICP and CPP

Data were collected using ICM + software (Cambridge
Enterprise Ltd., Cambridge, UK, http://icmplus.neuro
surg.cam.ac.uk) or the Moberg CNS monitor (Moberg
Research Inc, Ambler, PA, USA, https://www.moberg.
com), or both. MAP was obtained through arterial lines
connected to pressure transducers. ICP was acquired
from an intraparenchymal strain gauge probe (Cod-
man ICP MicroSensor; Codman & Shurtleff Inc., Rayn-
ham, MA) or a parenchymal fiber optic pressure sensor
(Camino ICP Monitor, Integra Life Sciences, Plainsboro,
NJ; https://www.integralife.com/). CPP was calculated
as specified above. The whole process of HR CENTER-
TBI signal acquisition and data processing is described in
previous publications [9].

End-Hour Analysis

For comparison we identified the end-hour ICP and CPP
in the HR recording (considered as average of the ten
minutes over the o'clock) corresponding to the MR values
entered in the CRF (Fig. 2).

To check the match between different recordings we
analyzed the following: (1) MR values (both ICP and
CPP) and the corresponding end-hour HR values, (2) the
number of MR and end-hour HR ICP>20 mm Hg and
the number of MR and end-hour HR CPP <60 mm Hg,

High resolution recording

- ]

End-hours 16:00 18:00 20:00 22:00 00:00 02:00
HR-ICP 13 12 9 9 9 9
HR-MAP 67 73 72 68 66 70

Manual recording

End-hours 16:00 18:00 20:00 22:00 00:00 02:00
MR-ICP 1 9 10 12 9 10
MR-MAP 70 75 73 74 70 70

Fig. 2 End-hour high-resolution (HR) and manual intracranial pressure (ICP) and mean arterial pressure (MAP) recordings. HR recording (upper
panel): for every patient, we collected the end-hour ICP and MAP (considered as average of the ten minutes over the o’clock) corresponding to the
manually recorded (MR) values. CPP was calculated as MAP — ICP. MR (lower panel): for every patient, we extracted from the case report form (CRF)
the end-hour ICP and MAP entered every 2 h. MAP was calculated as (SBP 42 x [DBP])/3, and CPP was calculated as MAP — ICP
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(3) the number of MR and end-hour HR ICP with a dif-
ference of more than 5 mm Hg and the number of MR
and end-hour HR CPP with a difference of more than
10 mm Hg.

ICP and CPP Burden (Pressure-Time Dose)

The burden of intracranial hypertension and low CPP was
calculated as the high (>20 mm Hg) ICP pressure—time
dose (PTD¢p) and the low (<60 mm Hg) CPP pressure—
time dose (PTDcpp) [20] (Fig. 2). PTD is an analytical
method for computation of a cumulative dose of second-
ary injury by integrating the cumulative area under the
curve above or below a defined physiological threshold.
We use the entire monitoring time to calculate the PTD
based on HR data and the staircase method to calculate
the PTD based on MR data (Fig. 3). Patients were classi-
fied in three groups depending on the PTD [20]:

1. Low burden for patients with PTD less than 1
[PTD <1 mm Hg/hour].

2. Medium burden for patients with PTD less than
or equal to the median of the PTD>1 distribution
[PTD < (median PTD >1) mm Hg/hour].

3. High burden for patients with PTD greater than the
median of the PTD>1 distribution [PTD > (median
PTD>1) mm Hg/hour].

To assess whether MR ICP and CPP are representative
of high ICP and low CPP burden we explored the rela-
tionship between burden groups, obtained from MR and
HR data.

Statistical Analysis

Data are presented as median and interquartile range
(IQR). We used the Bland—Altman method to analyze the
relationship between end-hour MR and HR values; HR
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Fig. 3 Calculation of intracranial pressure (ICP) pressure—time dose (PTD,) and cerebral perfusion pressure (CPP) pressure—time dose (PTDcpp).
Upper left panel: the black area presents the PTD - for the ICP threshold (ICP>20 mm Hg, dashed line) from high-resolution (HR) data. Upper right
panel: the black area presents the PTD for the ICP threshold (ICP > 20 mm Hg, dashed line) from the manually recorded (MR) data in the same
patients. Because MR data were discontinuous, we used the staircase method for interpolation [19]. This assumes that an elevated ICP epoch begins
at the first point at which an ICP >20 mm Hg is recorded and ends when a new ICP is 20 mm Hg or lower. Lower left panels: the black area presents
the PTDpp for the CPP threshold (CPP < 60 mm Hg, dashed line) from HR data. Lower right panel: the black area presents the PTDpp for the CPP
threshold (CPP <60 mm Hg, dashed line) from the MR data in the same patient, using the staircase method for interpolation [19]




values were considered the gold standard. Fisher’s exact
test was used for contingency analysis.

Results

Patients’ Main Characteristics

One hundred patients (82 men) with a median age of
49 years (IQR 29-61) were studied. Their baseline char-
acteristics are presented in Table 1. No significant dif-
ferences were detected between the randomly included
and excluded patients. The median Glasgow Coma
Scale score was 6 (IQR 3-9), and only three patients had
no visible pathological findings on the head CT scan.
The median Glasgow Outcome Scale Extended score
at 6 months was 4 (IQR 3-5). We analyzed 12,786 ICP
and CPP monitoring hours (median per patient 124; IQR
101-164 h).

End-Hour ICP and CPP

We examined 6,393 two-hour intervals. There were 718
(11%) missing end-hour MR ICP values and 265 (4%)
missing end-hour HR ICP values (p<0.001). Therefore
5,484 synchronized simultaneous ICP values (median per
patient 57; IQR 46-66) and 5,311 CPP values (median
per patient 57; IQR 45-64) were available. Figure 4
graphically illustrates the Bland—Altman analysis: the
mean difference between the two methods was 0.02 mm
Hg for ICP (SD 3.86 mm Hg) and 1.54 mm Hg for CPP
(SD 8.81 mm Hg). The limits of agreement, however,
were fairly wide. The difference between HR and MR
ICP was more than 5 mm Hg in 10% of comparisons

Table 1 Patients characteristics

Main characteristics of the patients

Age, median (IQR) yrs
Male, n (%)
Baseline GCS (after stabilization in the ED), median (IQR)
Baseline motor GCS, median (IQR)
Pupils baseline, one reacting (other nonreactive/missing/untestable), n (%)
Pupils baseline, both nonreactive, n (%)
Decompressive craniotomy, n (%)
GOSE at 6 months, median (IQR)
Marshall classification (@admission imaging), n (%)
1. No visible pathology on CT scan
2. Cisterns present, MLS <5 mm
3. Cisterns compressed or absent, MLS <5 mm
4. MLS >5 mm, no mass lesion > 25 ml
5. Evacuated mass lesion
6. Nonevacuated mass lesion
No data on Marshall CT score

(536 comparisons, median per patient 3; IQR 1-6), and
MR ICP did not identify ICP>20 mm Hg in 1.6% of com-
parisons. The difference between HR and MR CPP was
more than 10 mm Hg in 16% of comparisons (896 com-
parisons, median per patient 6; IQR 3-13), and MR CPP
did not detect CPP below 60 mm Hg in 5.8% of com-
parisons. Moreover, MR ICP was 20 mm Hg or less for
4,684 intervals, but HR detected episodes of intracranial
hypertension in 21% of them. Similarly, MR CPP was
60 mm Hg or higher for 4,441 intervals, but episodes of
low CPP were detected in 30% of them (Supplementary
Fig. 1). Furthermore, we noted that in these intervals,
the median percentage of time with ICP >20 mm Hg was
18.3% (IQR 9-36) and the median percentage of time
with CPP <60 mm Hg was 21.5% (IQR 12—39).

Pathological ICP and CPP Burden

The intensity and duration of high ICP and CPP were
measured twice (see Methods for the PTD calculation).
First, data stored in the computerized system were ana-
lyzed, and every single patient was classified as hav-
ing a low, medium, or high burden of pathological ICP
and CPP. The ICP burden was low in only four patients,
medium in 42 patients, and high in 44 patients.

Then a similar analysis was done on the manually
recorded data, reclassifying each case in one of the three
burden bands. The data indicated the ICP burden were
low in 34 patients (including four patients previously
classified as high burden), medium in 33 patients, and
high in 33 patients. Figure 5 shows the results of this

Included (n=100) Excluded (n=53)

49 (29-61) 49 (29-64)
82 (82) 40 (75)
6 (3-9) 6(3-8)
4(1-5) 4(2-5)
99 6(11)
16 (16) 9(17)
23 (23) 9(17)
4(3-5) 3(3-5)
3(3) 3(6)
26 (26) 19 (35)
8(8) 3(6)
1(1) 102
4(4) 4(8)
46 (46) 17 (32)
12(12) 6(11)

No statistically significant differences were detected between the two groups

CT computed tomography, ED emergency department, GCS Glasgow Coma Scale, GOSE Glasgow Outcome Scale Extended, /QR interquartile range, MLS mid-line shift
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Fig. 4 Bland-Altman plots comparing high-frequency and manual recording (MR) of end-hour intracranial pressure (ICP) and cerebral perfusion
pressure (CPP). The mean difference between the two methods was 0.02 mm Hg for ICP (95% limits of agreement between — 7.54 and + 7.58 mm
Hg) and 1.54 mm Hg for CPP (95% limits of agreement between — 15.72 and + 18.80 mm Hg)

analysis with the two methods; differences in the bands
are evident. A similar procedure was used for quantify-
ing the CPP burden. In this analysis too, the classification
based on manual entries underestimated the burden of
pathological values.

Discussion

The main goal of our study was to compare, in a large
multicenter cohort of patients with TBI, the quality and
quantity of information provided by manual or comput-
erized ICP and CPP recording.

In most ICUs around the world, data provided by con-
tinuous electronic monitoring are manually annotated in
the CRF by nurses and/or medical personnel. This does
not require any particular dedicated technology or spe-
cific training and may take advantage of clinical expertise
for filtering data (for instance, excluding artifacts, moni-
tor disconnections, etc.). However, it relies on somewhat
arbitrary choices, for instance, when a parameter changes
rapidly and only a single value has to be selected or an
average has to be estimated for the whole interval. An
additional limitation is the risk of transcription errors.
Finally, this task can only be done intermittently, usually
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Fig. 5 Graphic classification of high intracranial pressure (ICP) and low cerebral perfusion pressure (CPP) burden based on high-resolution (HR)
recording and manual recording (MR) pressure-time dose (PTD). First, we classified the patients on the basis of HR PTD as low, medium, and high
burden in the upper rows of panels a and b: low burden, green faces in green field; medium burden, yellow faces in yellow field; high burden, red
faces in red field. Then we repeated the classification based on MR PTD in the lower columns of panel a and b if a face is in a different field from
the HR PTD classification, it indicates underestimation or overestimation of the burden. a Based on MR ICP, in 42 of 100 patients, the severity of high
ICP is underestimated compared to the HR ICP classification. b Based on MR CPP, in 28 of 100 patients, the severity of low CPP is underestimated
compared to HR CPP classification. In three patients, it was overestimated

every hour or so, whereas computerized recording offers  however, it can include artifacts and requires appropriate
continuous output at very fast sampling rates and unlim-  (often costly) technology with trained staff for inputting,
ited storage with no additional work at the bedside; storing, and filtering [16].




As part of the CENTER-TBI data recording, informa-
tion on ICP and CPP were recorded manually every 2 h
in 65 centers; only a subgroup of 21 centers also had ICP
and CPP data simultaneously accumulated by a com-
puterized system. The comparison of end-hour values
entered in the CRF and the corresponding ones stored
in the computerized system showed the data were very
similar. On average, the data were consistent, with mean
differences less than 2 mm Hg for both ICP and CPP.
Average data, however, can be misleading because the
MR values were higher in some instances and lower in
other instances than the actual ICP or CPP. Fortunately,
wide differences were rare (in the order of 10% for ICP
differences greater than 5 mm Hg and 16% for CPP differ-
ences greater than 10 mm Hg). These results confirm that
the staff in charge correctly entered the data provided by
the monitoring equipment. This is in line with previous
publications: our group in a single-center cohort of 30
patients with TBI showed good agreement between MR
and digitally stored end-hour ICP (672 intervals) [18].
The BrainIT (Brain monitoring with Information Tech-
nology) collaborative network, in a multicenter study of
199 patients, also reported a good correlation between
ICP and CPP from nursing charts (749 intervals) and
computer-collected information [21].

The risk still exists that accurate but intermittent MR
end-hour values may not fully document the pertur-
bations of physiological signals in the clinical setting.
Previous studies suggested that end-hour values were
sufficient for ICP analysis in TBI [22, 23]. Because more
recent studies have concentrated on the dose of intrac-
ranial hypertension or low CPP and its relationship with
outcome [5-9, 24], we felt further investigation was war-
ranted. PTD is a relatively simple method to summarize
the burden of intracranial hypertension after TBI. This
parameter seems to be associated with increased mortal-
ity and/or unfavorable outcome in several studies [7, 25—
27]. Accurate measurement is therefore essential. Our
findings indicate that the real burden of pathological ICP
and CPP, measured by computerized methods, can be
seriously underestimated if intermittent measurements
are used. This is consistent with data from Hemphill and
colleagues [19], who showed that PTD,; values strongly
depend on the temporal resolution of data acquisition.
In accordance with this, Kahraman et al. [26], in a study
enrolling 30 study participants with TBI, found that
PTDjcp and PTD¢pp had no relation to long-term out-
come if ICP and CPP were MR.

Our study has several limitations. First, we included
in our analysis only 36% patients in the High-Resolution
CENTER-TBI Sub-Study cohort. We excluded patients
with external-ventricular-drain-based ICP monitoring
for a practical reason: in these patients, ICP monitoring

has often been interrupted for cerebrospinal fluid
removal, and in large portions of the recording it, became
difficult to identify a credible ICP measurement. As a
consequence, our results could not be generalized to this
subgroup of patients. Further, we included only patients
with ICP monitoring lasting more than 72 h. Thus, we
probably excluded patients in whom ICP was not patho-
logical (leading to an early monitoring suspension). For
this reason, it is possible that in this group of patients.
the advantage of HR systems could be limited. Second,
in the CENTER-TBI study the 2-h interval was chosen to
reduce the workload in filling the CRE. We may speculate
that shorter intervals (1 h or even 30 min) could improve
the quantification of the ICP and CPP burden from MR
data; on the contrary, the fair agreement between end-
hour values should be confirmed. Last, we have restricted
our analysis to the comparison of two current meth-
ods for data collection, not considering the relationship
between ICP and outcome. This important topic was
explored with proper statistical analysis in a recently
published CENTER-TBI article [7] that included all the
patients in the High-Resolution CENTER-TBI Sub-Study.
Whether MR data could lead to different results could be
the aim of further research.

Conclusions

We demonstrate here the fair correspondence between
end-hour ICP and CPP recorded manually and the same
values recorded by a computer system. For accurate
measurement of the burden of pathological values over
time, however, a computerized system with continuous
data collection does seem preferable.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1007/512028-023-01697-2.

Abbreviations

TBI: Traumatic brain injury; ICP: Intracranial pressure; CPP: Cerebral perfusion
pressure; ICU: Intensive care unit; CRF: Case report form; MR-ICP and MR-CPP:
Manually recorded end-hour ICP and CPP; HR-ICP and HR-CPP: ICP and CPP
recorded by a computerized high-resolution system; GOSE: Glasgow outcome
scale extended; EVD: External ventricular drain; CSF: Cerebrospinal fluid; CT:
Computed tomography; SBP: Systolic blood pressure; DBP: Diastolic blood
pressure; MAP: Mean arterial blood pressure; HR: High resolution; PTD: Pressure
time dose; AUC: Area under curve; GCS: Glasgow coma scale; IQR: Interquartile
range.

Author details

! Neuroscience Intensive Care Unit, Department of Anesthesia and Critical
Care, Fondazione IRCCS Ca'Granda Ospedale Maggiore Policlinico, Milan, Italy.
2 Department of Pathophysiology and Transplantation, University of Milan,
Milan, Italy. ® Brain Physics Lab, Division of Neurosurgery, Department of Clini-
cal Neurosciences, Addenbrooke's Hospital, University of Cambridge, Cam-
bridge, UK. # Department of Neuroscience, Istituto di Ricerche Farmacologiche
Mario NegrilRCCS, Milan, Italy. > Department of Physiology and Pharmacology,
Section of Perioperative Medicine and Intensive Care, Karolinska Institutet,
Stockholm, Sweden.


https://doi.org/10.1007/s12028-023-01697-2
https://doi.org/10.1007/s12028-023-01697-2

Acknowledgements

We are grateful to our patients with TBI for helping us in our efforts to improve
care and outcome for TBI. CENTER-TBI High Resolution Sub-Study Partici-
pants and Investigators:Audny Anke', Ronny Beer?, Bo-Michael Bellander?,
Erta Beqiri?, Andras Buki’,Manuel Cabeleira®, Marco Carbonara’, Arturo
Chieregato?, Giuseppe Citerio®’, Hans Clusmann'®, Endre Czeiter'', Marek
Czosnyka®, Bart Depreitere'?, Ari Ercole'® Shirin Frisvold', Raimund Helbok?,
Stefan Jankowski'®, Daniel Kondziella'®, Lars-Owe Koskinen'”, Ana Kowark'®,
David K. Menon'3, Geert Meyfroidt'?, KirstenMoeller”®, David Nelson®, Anna
Piippo-Karjalainen?!, Andreea Radoi??, ArminasRagauskas®®, Rahul Raj?',
Jonathan Rhodes?*, Saulius Rocka®?, Rolf Rossaint'®, JuanSahuquillo?, Oliver
Sakowitz?>?, Peter Smielewski®, Nino Stocchetti?/, NinaSundstrom?®, Riikka
Takala?’, Tomas Tamosuitis®, Olli Tenovuo®!, AndreasUnterberg?®, Peter
Vajkoczy®?, Alessia Vargiolu®, Rimantas Vilcinis®, Stefan Wolf** Alexander
Younsi?, Frederick A. Zeiler'** . Affiliations: ' Department of Physical Medicine
and Rehabilitation, University hospital Northern Norway.Department

of Neurology, Neurological Intensive Care Unit, Medical University of
Innsbruck,Innsbruck, Austria.Department of Neurosurgery and Anesthe-

sia and intensive care medicine, Karolinska UniversityHospital, Stockholm,
Sweden.*Neurolntensive Care, Niguarda Hospital, Milan, Italy.>Department

of Neurosurgery, Medical School, University of Pécs, Hungary and Neuro-
traumaResearch Group, Janos Szentdgothai Research Centre, University of
Pécs, Hungary.°Brain Physics Lab, Division of Neurosurgery, Dept of Clinical
Neurosciences, University ofCambridge, Addenbrooke’s Hospital, Cambridge,
UK.”Neuro ICU, Fondazione IRCCS Ca Granda Ospedale Maggiore Policlinico,
Milan, Italy.®Neurolntensive Care Unit, Department of Anesthesia and Intensive
Care, ASST di Monza, Monza,ltaly.”School of Medicine and Surgery, Universita
Milano Bicocca, Milano, Italy. '°Department of Neurosurgery, Medical Faculty
RWTH Aachen University, Aachen, Germany.''Department of Neurosurgery,
University of Pecs and MTA-PTE Clinical Neuroscience MRResearch Group and
Janos Szentagothai Research Centre, University of Pecs, Hungarian BrainRe-
search Program (Grant No. KTIA 13 NAP-A-11/8), Pecs, Hungary.”Department
of Neurosurgery, University Hospitals Leuven, Leuven, Belgium."*Division of
Anaesthesia, University of Cambridge, Addenbrooke’s Hospital, Cambridge,
UK."“Department of Anesthesiology and Intensive care, University Hospital
Northern Norway,Tromso, Norway."’Neurointensive Care, Sheffield Teaching
Hospitals NHS Foundation Trust, Sheffield, UK.'®Departments of Neurology,
Clinical Neurophysiology and Neuroanesthesiology, RegionHovedstaden
Rigshospitalet, Copenhagen, Denmark."’Department of Clinical Neurosci-
ence, Neurosurgery, Umed University, Ume&, Sweden.'®*Department of
Anaesthesiology, University Hospital of Aachen, Aachen, Germany.'“Intensive
Care Medicine, University Hospitals Leuven, Leuven, Belgium.2°Department
Neuroanesthesiology, Region Hovedstaden Rigshospitalet, Copenhagen,
Denmark>'Helsinki University Central Hospital, Helsinki, Finland.?Department
of Neurosurgery, Vall d'Hebron University Hospital, Barcelona,
Spain.2*Department of Neurosurgery, Kaunas University of technology and
Vilnius University, Vilnius,Lithuania **Department of Anaesthesia, Critical

Care and Pain Medicine NHS Lothian and University ofEdinburg, Edin-

burgh, UK 2*Klinik ftrr Neurochirurgie, Klinikum Ludwigsburg, Ludwigsburg,
Germany.”Department of Neurosurgery, University Hospital Heidelberg,
Heidelberg, Germany.?’Department of Pathophysiology and Transplantation,
Milan University, and Neuroscience ICU,Fondazione IRCCS Ca Granda Ospedale
Maggiore Policlinico, Milano, Italy.?®Department of Radiation Sciences,
Biomedical Engineering, Umea University, Umea, Sweden. ?’Perioperative Ser-
vices, Intensive Care Medicine, and Pain Management , Turku UniversityCentral
Hospital and University of Turku, Turku, Finland.*°Neuro-intensive Care Unit,
Kaunas University of Health Sciences, Kaunas, Lithuania.*'Rehabilitation and
Brain Trauma, Turku University Central Hospital and University of Turku,Turku,
Finland 3?Neurologie, Neurochirurgie und Psychiatrie, Charité — Universitits-
medizin Berlin, Berlin,Germany.**Department of Neurosurgery, Kaunas Uni-
versity of Health Sciences, Kaunas, Lithuania.**Department of Neurosurgery,
Charité - Universitatsmedizin Berlin, corporate member of FreieUniversitat
Berlin, Humboldt-Universitat zu Berlin, and Berlin Institute of Health, Berlin,
Germany.>*Section of Neurosurgery, Department of Surgery, Rady Faculty of
Health Sciences, University ofManitoba, Winnipeg, MB, Canada

Author Contributions

TZ,TB, FO, PS, MC, MP, and CAIA collected the patients'data. TZ, TB, FO, ERZ,
and MC analyzed the data and drafted the tables and figures. TZ, TB, MC, FO,
and NS interpreted the data and drafted the article. TZ, TB, and NS designed
the study protocol. NS supervised the study. All authors were involved in

regular meetings on the manuscript and reviewed the manuscript multiple
times. All authors were involved in the design of the CENTER-TBI study and
reviewed and approved the final version of the manuscript.

Source of Support

Open access funding provided by Universita degli Studi di Milano within the
CRUI-CARE Agreement. Data used in preparation of this article were obtained
in the context of CENTER-TBI, a large collaborative project with the support of
the European Union 7th Framework program (EC Grant 602150). Additional
funding was obtained from the Hannelore Kohl Stiftung (Germany), from
OneMind (USA), and from Integra LifeSciences Corporation (USA).

Data Availability
The data sets used in this study are available via https://www.center-tbi.eu/
data on reasonable request.

Conflicts of interest

TZ,TB, MC, FO, MP, ERZ, CAIA, and NS declare that they have no competing
interests; PS received part of licensing fees for the software ICM + used for
data collection and analysis in this study.

Ethical Approval/Informed Consent

Data collection in the CENTER-TBI study adhered to ethical standards in
accordance with all relevant laws of the European Union if directly applicable
or of direct effect and all relevant laws of the country where the recruiting
sites were located, including, but not limited to, the relevant privacy and data
protection laws and regulations (the “Privacy Law"), the relevant laws and
regulations on the use of human materials, and all relevant guidance relating
to clinical studies from time to time in force, including, but not limited to, the
International Conference Harmonised Tripartite Guideline for Good Clinical
Practice (CPMP/ICH/135/95) (“ICH GCP") and the World Medical Association
Declaration of Helsinki; medical ethics committees of all participating centers
approved the study. Informed consent was obtained by adult patients or next
of kin in accordance with local regulations. The list of sites, ethical committees,
approval numbers, and approval dates can be found on the website https://
www.center-tbi.eu/project/ethical-approval.

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: 12 September 2022 Accepted: 9 February 2023
Published online: 15 March 2023

References

1. Carney N, Totten AM, O'Reilly C, Ullman JS, Hawryluk GW, Bell MJ, Bratton
SL, Chesnut R, Harris OA, Kissoon N, Rubiano AM, Shutter L, Tasker RC,
Vavilala MS, Wilberger J, Wright DW, Ghajar J. Guidelines for the manage-
ment of severe traumatic brain injury. Neurosurgery. 2017,80(1):6-15.
https://doi.org/10.1227/NEU.0000000000001432.

2. Le Roux P, Menon DK, Citerio G, Vespa P, Bader MK, Brophy G, Diringer
MN, Stocchetti N, Videtta W, Armonda R, Badjatia N, Bosel J, Chesnut R,
Chou S, Claassen J, Czosnyka M, De Georgia M, Figaji A, Fugate J, Helbok
R, Horowitz D, Hutchinson P, Kumar M, McNett M, Miller C, Naidech A,


https://www.center-tbi.eu/data
https://www.center-tbi.eu/data
https://www.center-tbi.eu/project/ethical-approval
https://www.center-tbi.eu/project/ethical-approval
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1227/NEU.0000000000001432

Oddo M, Olson D, O'Phelan K, Provencio JJ, Puppo C, Riker R, Roberson

C, Schmidt M, Taccone F. The international multidisciplinary consensus
conference on multimodality monitoring in neurocritical care: a list of
recommendations and additional conclusions: a statement for healthcare
professionals from the neurocritical care society and the European soci-
ety of intensive care medicine. Neurocrit Care. 2014;21(Suppl 2):5282-96.
https://doi.org/10.1007/512028-014-0077-6.

Robba C, Graziano F, Rebora P, Elli F, Giussani C, Oddo M, Meyfroidt G,
Helbok R, Taccone FS, Prisco L, Vincent JL, Suarez JI, Stocchetti N, Citerio
G, SYNAPSE-ICU Investigators. Intracranial pressure monitoring in patients
with acute brain injury in the intensive care unit (SYNAPSE-ICU): an
international, prospective observational cohort study. Lancet Neurol.
2021;20(7):548-58. https://doi.org/10.1016/51474-4422(21)00138-1.
Treggiari MM, Schutz N, Yanez ND, Romand JA. Role of intracranial pres-
sure values and patterns in predicting outcome in traumatic brain injury:
a systematic review. Neurocrit Care. 2007;6(2):104-12. https://doi.org/10.
1007/512028-007-0012-1.

Donnelly J, Czosnyka M, Adams H, Cardim D, Kolias AG, Zeiler FA, Lavinio
A, Aries M, Robba C, Smielewski P, Hutchinson PJA, Menon DK, Pickard
JD, Budohoski KP. Twenty-five years of intracranial pressure monitoring
after severe traumatic brain injury: a retrospective, Single-center analysis.
Neurosurgery. 2019;85(1):E75-82. https://doi.org/10.1093/neuros/nyy468.
Jha RM, Elmer J, Zusman BE, Desai S, Puccio AM, Okonkwo DO, Park SY,
Shutter LA, Wallisch JS, Conley YP, Kochanek PM. Intracranial pressure
trajectories: a novel approach to informing severe traumatic brain injury
phenotypes. Crit Care Med. 2018;46(11):1792-802. https://doi.org/10.
1097/CCM.0000000000003361.

Akerlund CA, Donnelly J, Zeiler FA, Helbok R, Holst A, Cabeleira M, Guiza F,
Meyfroidt G, Czosnyka M, Smielewski P, Stocchetti N, Ercole A, Nelson DW,
CENTER-TBI High Resolution ICU Sub-Study Participants and Investiga-
tors. Impact of duration and magnitude 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.

Guiza F, Depreitere B, Piper |, Citerio G, Chambers |, Jones PA, et al. Visual-
izing the pressure and time burden of intracranial hypertension in adult
and paediatric traumatic brain injury. Intensive Care Med. 2015;41:1067-
76. https://doi.org/10.1007/500134-015-3806-1.

Zeiler FA, Ercole A, Cabeleira M, Beqiri E, Zoerle T, Carbonara M, Stocchetti
N, Menon DK, Lazaridis C, Smielewski P, Czosnyka M, CENTER-TBI High
Resolution ICU Sub-Study Participants and Investigators. Patient-specific
ICP epidemiologic thresholds in adult traumatic brain injury: a CENTER-
TBI validation study. J Neurosurg Anesthesiol. 2021;33(1):28-38. https://
doi.org/10.1097/ANA.0000000000000616.

Stocchetti N, Colombo A, Ortolano F, Videtta W, Marchesi R, Longhi L,
Zanier ER. Time course of intracranial hypertension after traumatic brain
injury. J Neurotrauma. 2007;24(8):1339-46. https://doi.org/10.1089/neu.
2007.0300.

Hutchinson PJ, Kolias AG, Timofeev IS, Corteen EA, Czosnyka M, Timothy
J, Anderson |, Bulters DO, Belli A, Eynon CA, Wadley J, Mendelow AD,
Mitchell PM, Wilson MH, Critchley G, Sahuquillo J, Unterberg A, Servadei F,
Teasdale GM, Pickard JD, Menon DK, Murray GD, Kirkpatrick PJ, RESCUEicp
Trial Collaborators. Trial of decompressive craniectomy for traumatic
intracranial hypertension. N Engl J Med. 2016;375(12):1119-30. https://
doi.org/10.1056/NEJMoa1605215.

. Cooper DJ, Rosenfeld JV, Murray L, Arabi YM, Davies AR, D'Urso P, Koss-

mann T, Ponsford J, Seppelt |, Reilly P Wolfe R, DECRA Trial Investigators;
Australian and New Zealand Intensive Care Society Clinical Trials Group.
Decompressive craniectomy in diffuse traumatic brain injury. N Engl J
Med. 2011;364(16):1493-502. https://doi.org/10.1056/NEJMoa1102077.
Andrews PJ, Sinclair HL, Rodriguez A, Harris BA, Battison CG, Rhodes

JK, Murray GD, Eurotherm3235 Trial Collaborators. Hypothermia for
intracranial hypertension after traumatic brain injury. N Engl J Med.
2015;373(25):2403-12. https://doi.org/10.1056/NEJMoa1507581.

20.

21.

22.

23.

24.

25.

26.

27.

. Chesnut RM, Temkin N, Carney N, Dikmen S, Rondina C, Videtta W,

Petroni G, Lujan S, Pridgeon J, Barber J, Machamer J, Chaddock K, Celix
JM, Cherner M, Hendrix T, Global Neurotrauma Research Group. A trial of
intracranial-pressure monitoring in traumatic brain injury. N Engl J Med.
2012;367(26):2471-81. https://doi.org/10.1056/NEJMoa1207363.

. Okonkwo DO, Shutter LA, Moore C, Temkin NR, Puccio AM, Madden CJ,

Andaluz N, Chesnut RM, Bullock MR, Grant GA, McGregor J, Weaver M,
Jallo J, LeRoux PD, Moberg D, Barber J, Lazaridis C, Diaz-Arrastia RR. Brain
oxygen optimization in severe traumatic brain injury phase-Il: a phase Il
randomized trial. Crit Care Med. 2017;45(11):1907-14. https://doi.org/10.
1097/CCM.0000000000002619.

. Citerio G, Park S, Schmidt JM, Moberg R, Suarez JI, Le Roux PD, Second

neurocritical care research conference investigators. Data collection and
interpretation. Neurocrit Care. 2015;22(3):360-8. https://doi.org/10.1007/
$12028-015-0139-4.

. Huijben JA, Wiegers EJA, Lingsma HF, Citerio G, Maas AIR, Menon DK,

Ercole A, Nelson D, van der Jagt M, Steyerberg EW, Helbok R, Lecky F, Peul
W, Birg T, Zoerle T, Carbonara M, Stocchetti N, CENTER-TBI investigators
and participants. Changing care pathways and between-center practice
variations in intensive care for traumatic brain injury across Europe: a
CENTER-TBI analysis. Intensive Care Med. 2020;46(5):995-1004. https://
doi.org/10.1007/500134-020-05965-z.

. Zanier ER, Ortolano F, Ghisoni L, Colombo A, Losappio S, Stocchetti N.

Intracranial pressure monitoring in intensive care: clinical advantages of
a computerized system over manual recording. Crit Care. 2007;11(1):R7.
https://doi.org/10.1186/cc5155.

. Hemphill JC I, Barton CW, Morabito D, Manley GT. Influence of data

resolution and interpolation method on assessment of secondary brain
insults in neurocritical care. Physiol Meas. 2005;26:373-86. https://doi.org/
10.1088/0967-3334/26/4/004.

Magni F, Pozzi M, Rota M, Vargiolu A, Citerio G. High-resolution intracra-
nial pressure burden and outcome in subarachnoid hemorrhage. Stroke.
2015;46(9):2464-9. https://doi.org/10.1161/STROKEAHA.115.010219.
Piper I, Chambers |, Citerio G, Enblad P, Gregson B, Howells T, Kiening K,
Mattern J, Nilsson P, Ragauskas A, Sahuquillo J, Donald R, Sinnott R, Stell
A, BrainIT Group. The brain monitoring with Information Technology
(BrainIT) collaborative network: EC feasibility study results and future
direction. Acta Neurochir (Wien). 2010;152(11):1859-71. https://doi.org/
10.1007/500701-010-0719-1.

Turner HB, Anderson RL, Ward JD, Young HF, Marmarou A. Comparison of
nurse and computer recording of ICP in head injured patients. J Neurosci
Nurs. 1988;20:236-9.

Venkatesh B, Garrett P, Fraenkel DJ, Purdie D. Indices to quantify changes
in intracranial and cerebral perfusion pressure by assessing agreement
between hourly and semi-continuous recordings. Intensive Care Med.
2004;30(3):510-3. https://doi.org/10.1007/500134-003-2102-7.

Chu KH, Begiri E, Czosnyka M, Smielewski P. Comparison of Two
intracranial pressure calculation methods and their effects on the mean
intracranial pressure and intracranial pressure dose. Acta Neurochir Suppl.
2021;131:31-3. https://doi.org/10.1007/978-3-030-59436-7_7.

Vik A, Nag T, Fredriksli OA, Skandsen T, Moen KG, Schirmer-Mikalsen K,
Manley GT. Relationship of “dose” of intracranial hypertension to outcome
in severe traumatic brain injury. J Neurosurg. 2008;109(4):678-84. https.//
doi.org/10.3171/JNS/2008/109/10/0678.

Kahraman S, Dutton RP, Hu P, Xiao Y, Aarabi B, Stein DM, Scalea TM.
Automated measurement of “pressure times time dose” of intracranial
hypertension best predicts outcome after severe traumatic brain injury.
JTrauma. 2010;69(1):110-8. https://doi.org/10.1097/TA.0b013e3181
€99853.

Sheth KN, Stein DM, Aarabi B, Hu P, Kufera JA, Scalea TM, Hanley DF.
Intracranial pressure dose and outcome in traumatic brain injury. Neuro-
crit Care. 2013;18(1):26-32. https://doi.org/10.1007/512028-012-9780-3.


https://doi.org/10.1007/s12028-014-0077-6
https://doi.org/10.1016/S1474-4422(21)00138-1
https://doi.org/10.1007/s12028-007-0012-1
https://doi.org/10.1007/s12028-007-0012-1
https://doi.org/10.1093/neuros/nyy468
https://doi.org/10.1097/CCM.0000000000003361
https://doi.org/10.1097/CCM.0000000000003361
https://doi.org/10.1371/journal.pone.0243427
https://doi.org/10.1371/journal.pone.0243427
https://doi.org/10.1007/s00134-015-3806-1
https://doi.org/10.1097/ANA.0000000000000616
https://doi.org/10.1097/ANA.0000000000000616
https://doi.org/10.1089/neu.2007.0300
https://doi.org/10.1089/neu.2007.0300
https://doi.org/10.1056/NEJMoa1605215
https://doi.org/10.1056/NEJMoa1605215
https://doi.org/10.1056/NEJMoa1102077
https://doi.org/10.1056/NEJMoa1507581
https://doi.org/10.1056/NEJMoa1207363
https://doi.org/10.1097/CCM.0000000000002619
https://doi.org/10.1097/CCM.0000000000002619
https://doi.org/10.1007/s12028-015-0139-4
https://doi.org/10.1007/s12028-015-0139-4
https://doi.org/10.1007/s00134-020-05965-z
https://doi.org/10.1007/s00134-020-05965-z
https://doi.org/10.1186/cc5155
https://doi.org/10.1088/0967-3334/26/4/004
https://doi.org/10.1088/0967-3334/26/4/004
https://doi.org/10.1161/STROKEAHA.115.010219
https://doi.org/10.1007/s00701-010-0719-1
https://doi.org/10.1007/s00701-010-0719-1
https://doi.org/10.1007/s00134-003-2102-7
https://doi.org/10.1007/978-3-030-59436-7_7
https://doi.org/10.3171/JNS/2008/109/10/0678
https://doi.org/10.3171/JNS/2008/109/10/0678
https://doi.org/10.1097/TA.0b013e3181c99853
https://doi.org/10.1097/TA.0b013e3181c99853
https://doi.org/10.1007/s12028-012-9780-3

	Accuracy of Manual Intracranial Pressure Recording Compared to a Computerized High-Resolution System: A CENTER-TBI Analysis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Patients
	Data Collection
	MR ICP and CPP
	HR ICP and CPP
	End-Hour Analysis
	ICP and CPP Burden (Pressure–Time Dose)
	Statistical Analysis

	Results
	Patients’ Main Characteristics
	End-Hour ICP and CPP
	Pathological ICP and CPP Burden

	Discussion
	Conclusions
	Acknowledgements
	Anchor 23
	References


