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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.
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Introduction
Intracranial pressure (ICP) monitoring is indicated in 
patients with severe traumatic brain injury (TBI) admit-
ted to intensive care units (ICUs) [1]. It is fundamen-
tal in order to detect intracranial hypertension and/
or low cerebral perfusion pressure (CPP) to establish 
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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 (i.e., 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 

Fig. 1 Flowchart for patients inclusion
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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/ proje ct/ ethic al- appro val.

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:// neuro bot. 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 + 2 × [DBP])/3, and CPP was calculated as 
MAP − ICP.

HR ICP and CPP
Data were collected using ICM + software (Cambridge 
Enterprise Ltd., Cambridge, UK, http:// icmpl us. 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. integ ralife. 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, 

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 + 2 × [DBP])/3, and CPP was calculated as MAP − ICP

https://www.center-tbi.eu/project/ethical-approval
https://www.center-tbi.eu/project/ethical-approval
http://neurobot.incf.org
http://icmplus.neurosurg.cam.ac.uk
http://icmplus.neurosurg.cam.ac.uk
https://www.moberg.com
https://www.moberg.com
https://www.integralife.com/
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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  (PTDICP) 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 

Fig. 3 Calculation of intracranial pressure (ICP) pressure–time dose  (PTDICP) and cerebral perfusion pressure (CPP) pressure–time dose  (PTDCPP). 
Upper left panel: the black area presents the  PTDICP for the ICP threshold (ICP > 20 mm Hg, dashed line) from high-resolution (HR) data. Upper right 
panel: the black area presents the  PTDICP 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  PTDCPP for the CPP threshold (CPP < 60 mm Hg, dashed line) from HR data. Lower right panel: the black area presents the  PTDCPP 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]
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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 

(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 

Table 1 Patients characteristics

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, IQR interquartile range, MLS mid-line shift

Main characteristics of the patients Included (n = 100) Excluded (n = 53)

Age, median (IQR) yrs 49 (29–61) 49 (29–64)

Male, n (%) 82 (82) 40 (75)

Baseline GCS (after stabilization in the ED), median (IQR) 6 (3–9) 6 (3–8)

Baseline motor GCS, median (IQR) 4 (1–5) 4 (2–5)

Pupils baseline, one reacting (other nonreactive/missing/untestable), n (%) 9 (9) 6 (11)

Pupils baseline, both nonreactive, n (%) 16 (16) 9 (17)

Decompressive craniotomy, n (%) 23 (23) 9 (17)

GOSE at 6 months, median (IQR) 4 (3–5) 3 (3–5)

Marshall classification (admission imaging), n (%)

   1. No visible pathology on CT scan 3 (3) 3 (6)

   2. Cisterns present, MLS < 5 mm 26 (26) 19 (35)

   3. Cisterns compressed or absent, MLS < 5 mm 8 (8) 3 (6)

   4. MLS > 5 mm, no mass lesion > 25 ml 1 (1) 1 (2)

   5. Evacuated mass lesion 4 (4) 4 (8)

   6. Nonevacuated mass lesion 46 (46) 17 (32)

   No data on Marshall CT score 12 (12) 6 (11)
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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 

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)
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every hour or so, whereas computerized recording offers 
continuous output at very fast sampling rates and unlim-
ited storage with no additional work at the bedside; 

however, it can include artifacts and requires appropriate 
(often costly) technology with trained staff for inputting, 
storing, and filtering [16].

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
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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  PTDICP 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 
 PTDICP and  PTDCPP 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 CRF. 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.
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The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s12028- 023- 01697-2.
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