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Abstract Objective: A drawback in the use of an external 
ventricular drain (EVD) originates in the fact that draining 
cerebrospinal fluid (CSF) (open system) and intracranial 
pressure (ICP) monitoring can be done at the same time but 
is considered to be unreliable regarding the ICP trace. 
Furthermore, with the more widespread use of autoregula-
tion monitoring using blood pressure and ICP signals, the 
question arises of whether an ICP signal from an open EVD 
can be used for this purpose. Using an EVD system with an 
integrated parenchymal ICP probe we compared the differ-
ent traces of an ICP signal and their derived parameters 
under opened and closed CSF drainage.

Methods: Twenty patients with either subarachnoid or 
intraventricular hemorrhage and indication for ventriculos-
tomy plus ICP monitoring received an EVD in combination 
with an air-pouch-based ICP probe. ICP was monitored via 
an open ventricular catheter (ICP_evd) and ICP probe (ICP_
probe) simultaneously. Neuromonitoring data (ICP, arterial 
blood pressure, cerebral perfusion pressure, pressure reactiv-
ity index (PRx)) were recorded by ICM+ software for the 
time of ICU intensive care treatment. Routinely (at least 
every 4 h) ICP was recorded with a closed CSF drainage sys-
tem for at least 15 min. ICP, ICP amplitude, and the auto-
regulation parameters (PRx_probe, PRx_evd) were evaluated 
for every episode with closed CSF drainage and during the 
3 h prior with an open drainage system.

Results: One hundred and forty-four episodes with open/
closed drainage were evaluated. During open drainage, over-
all mean ICP_evd levels were nonsignificantly different from 
those of ICP_probe, with 9.8 + 3.3 versus 8.2 + 3.2 mmHg, 
respectively. Limits of agreement ranged between 5.2 and 

−8.3 mmHg. However, 51 increases of ICP >20 mmHg with 
a duration of 3–30 min were missed by ICP_evd, and in 101 
episodes the difference between ICPs was greater than 
10 mmHg. After closure of the EVD, ICP increased moder-
ately using both methods. Mean PRx_evd was significantly 
higher (falsely indicating impaired autoregulation) and more 
subjected to fluctuations than PRx_probe.

Conclusion: The general practice of draining CSF and 
monitoring ICP via a (usually open) EVD plus frequently 
performed catheter closure for ICP reading is feasible for 
assessment of overall ICP trends. However, it does have clin-
ically relevant drawbacks, namely, a significant amount of 
undetected increases in ICP above thresholds, and continu-
ous assessment of cerebrovascular autoregulation is less reli-
able. In conclusion, all patients who need CSF drainage plus 
ICP monitoring due to the severity of their brain insult need 
either an EVD with integrated ICP probe or an EVD line plus 
a separate ICP probe.

Keywords ICP monitoring · Intraparenchymal ICP probe · 
Probe · Extraventricular drainage · Cerebral autoregulation

 Introduction

When patients are admitted with intraventricular or sub-
arachnoid hemorrhage (SAH), they frequently receive a 
ventriculostomy for the treatment of acute hydrocephalus 
by an extraventricular drainage (EVD) line. At the same 
time, especially if the clinical condition is poor or other 
 reasons for continued sedation are present, continuous mon-
itoring of intracranial pressure (ICP) and, nowadays more 
frequently employed, assessment of cerebrovascular 
 autoregulation, e.g., by pressure reactivity index (PRx), is 
warranted [1–3].
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The available ICP monitoring devices differ in the  location 
(intraventricular, intraparenchymal, sub- and epidural) and 
the sensor technology for ICP detection (fluid-coupled pres-
sure transducer, piezo-electric, stain-gauge, and fiber- optic 
sensors) [4–7]. By conventional means a continuous cerebro-
spinal fluid (CSF) drainage and simultaneous continuous 
ICP-based neuromonitoring can only be achieved by implan-
tation of both an EVD and a separate, for example intrapa-
renchymal ICP, probe, doubling the costs, the invasiveness, 
and the rate of potential complications thereafter, e.g., for 
infection [8].

To reduce these drawbacks, a compromise solution is 
often used as general practice in many neurocritical care units 
(NCCUs), i.e., to use the EVD for both CSF diversion and 
sole ICP monitoring device via connection by a fluid- filled 
line to a conventional pressure transducer. In this setting, 
there are two possible options, as outlined previously [9]:

 1. Monitor first: The EVD is generally kept closed and con-
nected to the ICP transducer, allowing for continuous ICP 
measurement until a certain threshold is reached, then 
opening would enable CSF drainage for a certain time 
period until the ICP returns to below the threshold.

 2. Drainage first: The EVD is generally open, allowing for 
continuous CSF drainage, and closed at certain intervals 
to assess the “true” ICP because with an open EVD sys-
tem the pressure gradient along the catheter may produce 
erroneous false low ICP results.

In general, both options are employed, although either the 
risk for underdrainage and unnecessary high ICPs or mis-
judgment of ICP (false low ICP) is conceivable [10–12].

Besides assessment and display of an accurate ICP, the 
calculated cerebral perfusion pressure (CPP), and its trends, 
modern neuromonitoring requires high-resolution recording 
of the ICP signal to facilitate, for example, wave form analy-
sis, ICP amplitude analysis, and bedside monitoring of cere-
brovascular autoregulation, for example by PRx, which has 
proven feasible via an EVD-mediated ICP signal [1, 13]. 
Nevertheless, it is unclear whether the aforementioned prac-
tice of alternating open/closed EVD guarantees reliable data 
collection. Therefore, we compared the neuromonitoring of 
ICP and associated parameters (ICP amplitude and PRx) by 
an EVD in open and closed settings with a direct intraparen-
chymal ICP probe measurement via a combined EVD with 
an air-pouch-based integrated probe.

 Patients and Methods

The standard NCCU management of patients with intraven-
tricular hemorrhage or aneurysmal SAH includes ventricu-
lostomy in case of acute hydrocephalus and monitoring of 

ICP in patients who cannot be subjected to neurological 
assessment owing to their poor clinical condition, which 
mandates continuous analgosedation. Intensive care man-
agement was conducted according to our current NCCU 
standards. This means that mechanical ventilation is 
 regulated to keep arterial pO2 at 110 ± 5 mmHg and arterial 
pCO2 between 35 and 40 mmHg, fluid balance aims at nor-
movolemia, and catecholamines (noradrenalin) are titrated to 
ensure cerebral perfusion pressures of ≥70 mmHg.

 Extraventricular Drainage, ICP Monitoring, 
and Assessment of Cerebral Autoregulation

When the decision to do a ventriculostomy and ICP monitoring 
was made, an extraventricular silver drain with a combined air-
pouched-based ICP probe (Silverline Ventricular probe®, 
Spiegelberg GmbH & Co.KG, Hamburg, Germany) was 
implanted in the right frontal horn of the lateral ventricle via a 
one-lumen bolt. While the catheter tip is placed in the ventricle, 
the air pouch is located about 2 cm more proximal in the paren-
chyma of the frontal white matter. The drainage system was set 
at (5)–10–(15) cm above the foramen of Monro (depending on 
the clinically desired ICP levels that should be maintained) and 
permitted continuous CSF drainage (“drainage first” protocol).

ICP was continuously assessed by both the ICP probe via 
an air pressure–mediating line to a bedside ICP monitor 
(Spiegelberg GmbH & Co.KG, Hamburg, Germany) (ICP_
probe) and the EVD via a fluid-coupled pressure transducer 
(xtrans, CODAN pvb Critical Care GmbH, Forstinning, 
Germany) referenced as closely as possible to the foramen of 
Monro (ICP_evd). Mean arterial pressure (MAP) was con-
tinuously monitored by a radial artery catheter with the 
transducer equally referenced to the foramen of Monro.

ICP_evd and MAP were continuously recorded on a bed-
side mounted device (Datalogger MPR, Raumedic AG, 
Helmbrechts, Germany) and transmitted to the bedside hospital 
monitoring system. The ICP_probe signal was not visualized 
on the hospital monitor but was visible only at the Spiegelberg 
monitor and thus indirectly accessible to the staff of the inten-
sive care unit (ICU).

Blood pressure and ICP_evd taken from the Datalogger 
MPR and ICP_probe from the Spiegelberg monitor were addi-
tionally digitally sampled at a rate of 100 Hz by a notebook PC 
running ICM+ software (Cambridge Enterprise, Cambridge, 
UK). The ICM+ software was used for both online display of 
data and retrospective analysis of recorded neuromonitoring 
parameters. CPP_probe and CPP_evd were calculated as the 
difference between MAP and the respective ICP. ICP ampli-
tude was calculated by the ICM+ software following Fourier 
transformation of the ICP signal as the ICP amplitude corre-
sponding to the first harmonic, which is the heart rate (AMP).
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The ICP/ABP-derived PRx as a parameter of cerebrovascu-
lar autoregulatory capacity was calculated as both PRx_probe 
and PRx_evd, as described elsewhere [14]. In short, PRx was 
computed as a moving Pearson correlation coefficient between 
averaged (60 s periods) ICP and MAP calculated over the mov-
ing window length of 5 min. PRx may vary between −1 and 1. 
Intact cerebral autoregulation can be assumed when index val-
ues are close to or below zero, meaning that no or a negative 
correlation between ICP and MAP exists.

 CSF Drainage and Intermittent EVD Closure

The practice of intermittent EVD closure to assess the true 
ICP was investigated. For this the EVD was kept open for 
continuous drainage of CSF while monitoring ICP_evd, and 
on several occasions EVD was closed for at least 15 min. 
ICU nursing staff is generally required to close EVDs at least 
three times per 8 h shift and more frequently if that is deemed 
necessary. In parallel, EVD closure was marked as an event 
in the ICM+ record file.

 Data Analysis and Statistics

The local ethics committee’s approval was obtained for com-
puterized neuromonitoring and data collection for retrospec-
tive data analysis. The local ethics committee granted a 
waiver for patient consent.

For retrospective analysis ICP and MAP data were subjected 
to manual artifact detection and removal. Events of EVD clo-
sure were identified in the ICM+ data files, and a baseline of 3 h 
monitoring prior to closure and time of EVD closure were eval-
uated for each event. Besides the overall mean values of MAP, 
ICP, ICP amplitude, CPP, PRx (evd and probe) for the 3 h base-
line and 15 min period of closed EVD a 1 min mean value was 
calculated for ICP and ICP amplitude (evd and probe) for the 
3 h baseline period as well as the period of EVD closure.

For a comparison of methods for ICP monitoring and 
assessment of PRx, Bland-Altman plots were used [15]. 
Data analysis was performed using Sigmaplot 12.5 software 
(Systat Software GmbH, Erkrath, Germany).

 Results

 Patient and General ICP Monitoring 
Characteristics

ICP monitoring data of 20 patients with either intraventricu-
lar hemorrhage (n = 1) or SAH (n = 19) in the year 2015 was 
retrospectively evaluated. Mean age was 55 years, with 60% 
of the patients being female. Monitoring was initiated within 
48 h of ICU admission, and the duration ranged from several 
hours to more than 23 days.

Overall, 144 episodes of open/closed EVD were recorded 
and evaluated.

 Neuromonitoring Parameters and Cerebral 
Autoregulation

 Open Drainage
Mean ICP_evd levels were moderately higher than ICP_
probe, with 9.8 ± 3.3 and 8.2 ± 3.2 mmHg, respectively, 
p > 0.05. Limits of agreement according to Bland-Altman 
analysis ranged between 5.2 and −8.3 mmHg. ICP amplitude 
(AMP) did not differ significantly between the two methods, 
with 1.5 ± 0.6 and 1.8 ± 0.9 mmHg for ICP_evd and ICP_
probe, respectively, p > 0.05.

During open EVD, ICP_evd did not detect 51 episodes of 
ICP_probe values above 20 mmHg. These episodes ranged 
between 5 and 30 min, in one case 77 min. In one case, the 
reason for the missed detection was EVD obstruction due to 
ventricular collapse (e.g., Fig. 1). For the remaining episodes 

Fig. 1 Example of 4 h ICP 
monitoring with presumed EVD 
catheter blockage due to 
ventricular collapse. Discrepancy 
of ICP recordings, ICP (probe) 
vs. ICP_evd during “open” but 
blocked EVD and assessment of 
true ICP after closure of EVD
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Fig. 2 Example of 4 h ICP 
monitoring with normally 
functioning EVD. During open 
EVD an approximately 25 min 
episode of ICP_probe 
>20 mmHg is missed by  
ICP_evd

Fig. 3 Bland-Altman analysis of PRx_probe vs. PRx_evd under open 
EVD. Especially for higher PRx (>0.2), where autoregulation assess-
ment is critical, the discrepancy of the two methods is increased

Fig. 4 Box plots of overall mean ICP values, both ICP_probe and ICP_
evd, for open and closed EVD. In this cohort there exists fair agreement 
of ICP assessment between the methods. EVD closure leads to a minor 
increase of both ICP_probe and ICP_evd

ventricular drainage was considered undisturbed (e.g., 
Fig. 2). Furthermore, 101 episodes were identified in which 
the absolute difference between ICP_evd and ICP_probe 
was greater than 10 mmHg. In 85% of the cases, ICP_probe 
was higher than ICP_evd.

Assessment of pressure reactivity by PRx was feasible 
with both ICP_evd and ICP_probe. Cerebral autoregulation 
of all analyzed 3 h time segments as quantified by PRx taken 
from ICP_probe showed preserved vasoreactivity with mean 
values around zero (PRx_probe 0.01 ± 0.09). If calculated 
from the ICP_evd, PRx_evd was assessed with 0.12 ± 0.20, 
p > 0.05 vs. PRx_probe. The much greater variance for PRx_
evd is also visualized by the increasing discrepancy for higher 
PRx values (around 0.2) in Bland-Altman analysis (Fig. 3).

 Closed EVD
When EVD was closed, both ICP_evd and ICP_probe 
increased moderately, but insignificantly, to 11.3 ± 4.1 and 
9.0 ± 3.1 mmHg, respectively, at 15 min after closure, com-
pared to baseline and between each other, p > 0.05 vs. base-
line and between methods (Fig. 4). Limits of agreement for 
15 min mean values of ICP ranged between 4.6 and 
−9.0 mmHg (Fig. 5). Mean ICP amplitude did not change 
significantly, with 1.9 ± 0.9 and 2.0 ± 0.9 mmHg for ICP_
evd and ICP_probe, respectively, p > 0.05 vs. baseline.

Autoregulation assessment was not significantly affected 
by EVD closure with a 15 min mean PRx_evd of 0.16 ± 0.23 
and PRx_probe of 0.01 ± 0.18, p > 0.05 to baseline. Limits 
of agreement remain wide, with a remaining greater variance 
for PRx_evd.

 Discussion

Our data once again demonstrate that ICP readings via a CSF 
pressure transducer in the setting of an opened EVD can be 
erroneous [10–12]. Even if the CSF drainage system is at a 
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medium level, i.e., in our ICU usually 10 cm above the fora-
men of Monro (corresponding to 7.3 mmHg), the intracranial 
compliance is well preserved, and ICP is mostly below the 
pathological range, there are periods of temporal ICP increase, 
e.g., during nursing maneuvers, decreased sedation levels, or 
during vasogenic waves, where the induced increased CSF 
outflow creates a pressure gradient via the catheter, and cor-
rect ICP assessment by EVD is impossible. In 19 of our 20 
patients, ICP levels were not substantially elevated during the 
monitoring period, which explains the high agreement of ICP 
assessment (between ICP_probe and ICP_evd).

Nevertheless 51 episodes were detected with temporal 
ICP values above 20 mmHg, in which those temporal 
increases in ICP were missed by the ICP_evd reading. The 
episodes were usually short, less than 1 h, and not life 
threatening, however effectively decreasing the CPP. In one 
of the 20 patients, however, who was suffering from pro-
gressive brain swelling, a persistent high ICP level above 
30 mmHg developed. The resulting CSF outflow led to a 
ventricular collapse and a loss of fluid coupling within the 
EVD system. Therefore, ICP_evd showed constantly low 
values, but with a suspiciously silent and nonfluctuating ICP 
trace, and the high ICP values were only noticed when the 
EVD was closed (Fig. 1). This is a typical example of false 
negative ICP readings via EVD, which seems to occur espe-
cially in the most critical situation of brain edema/brain 
swelling.

The identification of a total of 101 episodes with an ICP 
difference of >10 mmHg between the open (EVD) and 
closed (air pouch) system underscores the dangers of false 
low ICU determination and, thus, false high CPP calculation 
using an open EVD system for ICP monitoring.

With the drainage system of the EVD closed, ICP 
increased only mildly within 15 min, as can be expected in 
patients with preserved intracranial reserve capacity at ICP 
values below 20 mmHg. The bias and discrepancy of the two 
methods (ICP_evd and ICP_probe) can be considered 
acceptable (Fig. 5) and correlated to other comparative stud-
ies of different ICP monitors [11], where differences of 
5 mmHg are found frequently and were considered to have 
no significant clinical impact. Thus, with a closed drainage 
system, EVD-based ICP monitoring seems to be sufficient, 
but our study only compared 15 min intervals as opposed to 
3 h intervals with an open drainage system. Since all patients 
had acute posthemorrhagic occlusive hydrocephalus, a 
monitor- first approach with closed EVD was most of the 
time not possible because of rapid ICP increase.

The air-pouch-based parenchymal ICP monitor provided 
continuous, reliable, and high-frequency assessment of ICP 
[16]. The failure rate for this device was determined to be zero 
in these 20 patients. Fluid-coupled ICP monitoring, in contrast, 
is susceptible to artifacts and several possible human handling 
errors, like undetected partial or complete catheter blockage, 
air bubbles in the line, or incorrect height adjustment of the 
transducer with false zeroing [11]. Moreover, in patients with 
reduced compliance, frequent EVD closure might be critical.

As other authors have pointed out, continuous bedside 
determination of cerebrovascular autoregulatory state has 
become a well-recognized tool in ICU treatment. The PRx 
uses the extent of correlation between slow frequency waves 
in the ICP and ABP signals in a closed system, i.e., the cra-
nium, to establish a statement about the state of cerebrovascu-
lar autoregulation [3, 14]. It has been disputed whether an 
open EVD already abolishes the requirement for a closed sys-
tem since the ICP waveform is altered in this setting. Recently, 
Aries et al. not only showed that autoregulation assessment by 
PRx is feasible in the setting of an open EVD; they also dem-
onstrated that the ICP signal from an open EVD, otherwise 
corrupted for estimation of ICP, carries sufficient  information, 
i.e., low-frequency waves, to produce a reliable PRx [1].

From the present data we can confirm that PRx can be 
assessed by the ICP_evd signal, and, although it is difficult to 
draw a definitive conclusion from 15 min of recording, EVD 
closure did not change the PRx_evd value significantly. 
Nevertheless, when comparing PRx_evd with PRx_probe, 
we assume that PRx_probe is the more precise variable 
because its variance of the 3 h mean values is much less. In 
parallel, PRx_probe did not differ between EVD opening 
and closure.

The fact that our PRx_evd variable was not as reliable and 
comparable to ICP_probe as in the Aries et al. study [1] 
might be explained by the fact that we used a longer fluid- 
filled line connected to the ICP pressure transducer, which is 

Fig. 5 Bland-Altman analysis of ICP_probe vs. ICP_evd under closed 
EVD. Limits of agreement for 15 min mean values of ICP ranged 
between 4.6 and −9.0 mmHg

ICP Monitoring by Open Extraventricular Drainage
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a well-known source of signal artifact. From the presented 
data in this specific setup, PRx_probe seems to be the pre-
ferred method for reliable continuous assessment of cerebral 
autoregulation.

A concern expressed previously referred to a possible 
dampening of the ICP signal by the air-pouch-based tech-
nique of ICP measurement, which transfers changes in ICP 
to an air-filled balloon and line connected to the ICP monitor. 
From the signal assessment of the ICP_probe wave with pre-
served ICP amplitude (AMP) especially compared to the sig-
nal via a closed EVD, we conclude that this presumed 
dampening effect can be neglected.

 Conclusion

In summary, if current NCCU treatment standards require an 
accurate, high-resolution ICP recording, which furthermore 
makes continuously collected data available for online evalu-
ation, and if the ICP signal is used for the assessment of indi-
ces for autoregulation and cerebrospinal compliance, then a 
combined EVD with a drainage- independent, parenchymal 
ICP monitoring system is most suitable.

As stated earlier, this can be achieved as well by an EVD 
plus a separate ICP probe. The compromise of using one 
EVD only requires an elaborate technique and the highest 
surveillance and alertness of the nursing staff to minimize 
false recordings and artifacts. This still has the disadvantage 
that a truly continuous signal recording cannot be achieved 
when open and closed intervals alternate.

Lastly, continuous assessment of cerebrovascular auto-
regulation (via PRx) by EVD gives less reliable information 
with a high likelihood of having false positive results, mean-
ing that autoregulatory capacities would be considered non-
functional at a much earlier time point.
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