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Abstract 

Objectives: Intracranial pressure (ICP) monitoring is a common practice when treating intracranial pathology with 
risk of elevated ICP. External ventricular drain (EVD) insertion is a standard approach for both monitoring ICP and 
draining cerebrospinal fluid (CSF). However, the conventional EVD cannot serve these two purposes simultane-
ously because it cannot accurately measure ICP and its pulsatile waveform while the EVD is open to CSF drainage. A 
new  Integra®  Camino® FLEX Ventricular Catheter (Integra Lifesciences, County Offaly, Ireland) with a double-lumen 
construction has been recently introduced into the market, and it can monitor ICP waveforms even during CSF drain-
age. The aim of this study was to evaluate and validate this new FLEX catheter for ICP monitoring in a neurological 
intensive care unit.

Methods: Six patients with 34 EVD open/close episodes were retrospectively analyzed. Continuous ICP was detected 
in two ways: through the FLEX sensor at the tip  (ICPf) and through a fluid-coupled manometer within the FLEX cath-
eter, functioning as a conventional EVD  (ICPe). The morphologies of  ICPf and  ICPe pulses were extracted using Mor-
phological Clustering and Analysis of ICP algorithm, an algorithm that has been validated in previous publications. 
The mean ICP and waveform shapes of ICP pulses detected through the two systems were compared. Bland–Altman 
plots were used to assess the agreement of the two systems.

Results: A significant linear relationship existed between mean  ICPf and mean  ICPe, which can be described as: 
 mICPf = 0.81 × mICPe + 1.67 (r = 0.79). The Bland–Altman plot revealed that no significant difference existed between 
the two ICPs (average of  [ICPe–ICPf] was − 1.69 mmHg, 95% limits of agreement: − 7.94 to 4.56 mmHg). The ampli-
tudes of the landmarks of ICP pulse waveforms from the two systems showed strong, linear relationship (r ranging 
from 0.89 to 0.94).

Conclusions: This study compared a new FLEX ventricular catheter with conventional fluid-coupled manometer for 
ICP waveform monitoring. Strong concordance in ICP value and waveform morphology between the two systems 
indicates that this catheter can be used for reliability for both clinical and research applications.
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Introduction
Intracranial pressure (ICP) is a complex variable, which 
is used to derive information about cerebral perfusion 
pressure, cerebral compensatory mechanisms, cerebral 
autoregulation, and cerebral arterial changes [1–5]. Ele-
vated ICP is associated with mortality and poor clinical 
outcome in traumatic brain injury patients (TBI), suba-
rachnoid hemorrhage patients (SAH), and others [6–9]. 
Therefore, the ability to continuously monitor ICP, ana-
lyze ICP waveform, and derive cerebral indices is piv-
otal in understanding pathology, targeting therapy, and 
predicting prognosis [10–12]. The technique most com-
monly used in clinical practice to monitor ICP involves 
external ventricular drain (EVD) and intraparenchymal 
pressure monitor, while the latter only allows ICP moni-
toring without a combined therapeutic option of cerebro-
spinal fluid (CSF) drainage [13]. EVD has become a gold 
standard in a neurological intensive care unit (NICU) for 
both monitoring ICP and diverting CSF from the ventri-
cles to reduce ICP [14–16]. EVD insertion is proved to be 
valuable, indeed often lifesaving, in intraventricular hem-
orrhage (IVH), SAH, TBI, and bacterial meningitis [14, 
17, 18]. However, the conventional EVD system, with one 
side inserted to ventricle and the other side connected to 
a collection reservoir to allow for drainage of CSF or to 
a pressure transduce [19], is not able to simultaneously 
record ICP pulse waveforms while it is open to drain 
CSF [14, 20]. As a consequence, either a second ICP sen-
sor needs to be used or intermittent closure of EVD is 
applied to spot check ICP [20]. Both approaches are not 
desirable. The first approach introduces additional risk of 
having a second invasive probe, and the second approach 
introduces additional burden on health care providers 
and may miss important information due to intermittent 
nature of the measurement [21].

Recently, a novel ventricular catheter, branded as 
 Integra®  Camino® FLEX Ventricular Catheter (Integra 
Lifesciences, County Offaly, Ireland), has been intro-
duced into the market [22]. This double-lumen catheter 
uses one lumen to divert CSF and the other to embed a 
pressure sensor at the tip of the catheter to obtain ICP 
pulse waveforms (Fig. 1a), thus enabling continuous ICP 
monitoring even when EVD is open. The aim of this 
study was to validate the new FLEX catheter by compar-
ing ICP recordings obtained through this new catheter 
with recordings obtained using conventional EVD. The 
interpretation of ICP using a single number, for example 
mean value, although useful, can sometimes be mislead-
ing. A high-resolution view of ICP waveforms is needed 
for more sophisticated analysis of ICP [1]. Therefore, 
both the mean values and the waveform shapes  (P1,  P2, 
and  P3, as shown in Fig.  2) of the ICP recordings were 
studied in this article.

Methods
Patients and Data Collection
The data analyzed in this study were collected from adult 
patients admitted to University of California, Los Angeles 
Medical Center (UCLA, Los Angeles, CA, USA), during 
a period of evaluating  Integra®  Camino® FLEX Ventric-
ular Catheter (Integra Lifesciences, County Offaly, Ire-
land) between February and April 2016. Three patients 
with severe TBI (a loss of consciousness of greater than 
6 h and a Glasgow Coma Scale of 3–8), two patients with 
aneurysmal subarachnoid hemorrhage (aSAH), and one 
patient with IVH were enrolled in the study. ICP was 
continuously monitored in two ways: through the FLEX 
sensor at the tip  (ICPf) and through a fluid-coupled 
manometer connected with FLEX catheter, functioning 
as a conventional EVD  (ICPe). In order to make the arti-
cle concise, the term ‘EVD’ was used instead of the ‘fluid-
coupled manometer’ in the remaining part of this article. 
The electrocardiograph data were recorded by GE Solaris 
8000 (Little Chalfont, United Kingdom) patient monitor. 
All the signals were obtained using BedMaster™ (Excel 
Medical, Jupiter, Florida, USA) system at a sampling rate 
of 240  Hz. The institutional review board approved the 
data analysis and waived the need for consenting patients 
because of the retrospective nature of the study. The 
decision to use FLEX catheters was clinically based with-
out considering the needs of this study.

We retrospectively reviewed ICP recordings from each 
patient and selected the episodes associated with acute 
CSF drainage that caused ICP reduction (34 episodes in 
total from the six subjects). For each episode, we identi-
fied timing of EVD opening (t0) and closure (t1) based on 
the timing points when  ICPe became a flat line after EVD 
is open. A during-drainage segment was defined as the 
segment while EVD is open to CSF drainage, i.e., from t0 
to  t1(Fig. 1b). A pre-drainage segment was defined as the 
segment of ICP prior to EVD opening. A post-drainage 
segment is defined as the segment after EVD is closed 
again (Fig. 1b).

Data Analysis
In this study, we investigated the differences between 
 ICPf and  ICPe in both the mean values and the morpho-
logical features of the ICP pulse waveforms. A modern 
computational algorithm, the Morphological Cluster-
ing and Analysis of ICP (MOCAIP) algorithm, was used 
to extract the morphological features of an ICP pulse, 
including pulse amplitude, time intervals among sub-
peaks, curvature, slope, and decay time constants (shown 
in Fig. 2). The algorithm has been validated in our previ-
ous publications [5, 23–25].



Fig. 1 a Structure of FLEX double-lumen catheter. Sensor located at the tip of the catheter allows continuous ICP measurement in the ventricle. 
This graph has been adapted from the original figure with the permission of the manufacture [22]. b Segments of the ICP recordings from the built-
in sensor of the FLEX ventricular catheter at the top  (ICPf) and from the external manometer coupled with the drainage lumen of the FLEX catheter 
 (ICPe). The during-drainage segment refers to segment between [t0, t1], the pre-drainage segment was a segment of ICP prior to EVD opening, and 
the post-drainage segment refers to the segment after closing EVD again. EVD external ventricular drain, ICP intracranial pressure

Fig. 2 MOCAIP algorithm can systematically calculate 128 metrics that are related to the amplitude, time interval, curvature, slope, and decay time 
constants based on the landmarks identified on an ICP pulse.  P1,  P2, and  P3: three peaks of ICP;  V1,  V2, and  V3: three valleys of ICP waves. MOCAIP 
morphological clustering and analysis of intracranial pulse, ICP intracranial pressure



Briefly, the process for using the MOCAIP includes, (1) 
analyzing a segment of ICP signal to produce a sequence 
of consecutive raw ICP pulses [25]; (2) clustering the raw 
ICP pulses into distinct groups based on their morpho-
logical distance, in order to exclude uncertain noise and 
artifacts; (3) identifying the largest cluster and calculating 
the averaged pulse of this largest cluster, termed domi-
nant ICP pulse [26]; (4) recognizing legitimate dominant 
pulses, using a reference library of validated ICP pulses, 
as described in our original publication [24]; (5) the 
MOCAIP algorithm performs a comprehensive search 
for all landmark points on an ICP pulse and uses them 
as candidates for designating the three subpeaks; and (6) 
finally, the best designation of the three well-recognized 
ICP subpeaks  (P1,  P2, and  P3) is obtained for each vali-
dated pulse [5]. As Table 1 summarizes, 128 pulse mor-
phological metrics are extracted using the identified 
peaks and troughs of the pulse. A schematic intracranial 
pulse is shown in Fig. 2. Hu et al. discuss further details of 
the MOCAIP algorithm [24].

Waveforms of  ICPf and  ICPe during pre- and post-
drainage section of each EVD-opening/closure episode 
were analyzed. One dominant wave was produced every 
12 s. The mean ICP and the amplitudes of  P1,  P2, and  P3 
and  V1,  V2, and  V3 were compared.

Statistical Analysis
Statistical analysis was performed using the IBM SPSS 
Statistics (version 21) software. Spearman’s correlation 
coefficient (r) was used to study the cross-relationship 
between mean value of dominant waves of  ICPe and  ICPf 
(n = 4273). Correlation coefficient r was also calculated 

between the amplitudes of the six landmarks of pulses of 
 ICPe and  ICPf. Bland–Altman plots were used to inves-
tigate the agreement of the mean ICP of the two sensing 
systems.

Results
Patient Demographics and Summary Statistics
The mean age of the six (three males) patients enrolled in 
the study was 41.2 ± 19.1 (mean ± SD) years. Thirty-four 
ICP episodes with EVD opening/closure were selected. 
The number of episodes selected from each subject varies 
from 1 to 11 (N1 = 5, N2 = 10, N3 = 2, N4 = 5, N5 = 11, 
N6 = 1), and this variation reflects the clinical decisions 
made at the time of patient monitoring with regard to 
the needs of opening EVD. The mean recording time of 
selected EVD opening/closure episode was 47.8 ± 9.4 min 
(mean ± SD), ranging from 25.3 to 60.2  min. Mean ICP 
and mean amplitude of six landmarks of ICP pulses 
detected by the two sensing systems in pre- and post-CSF 
drainage periods are shown in Table 2.

Mean ICP Detected via FLEX Catheter and Conventional 
EVD
We first compared the mean value of each ICP domi-
nant wave detected by the two approaches  (ICPe and 
 ICPf). There was a linear relationship between the two 
ICPs, which can be approximated by a linear equation: 
 mICPf = 0.81 × mICPe + 1.67 (r = 0.79, Fig.  3a). The 
Bland–Altman plot (Fig.  3b) reveals no significant dif-
ference between the two ICPs, with mean  (ICPe–ICPf) 
being − 1.69  mmHg and the limits of agreement being 
− 7.94–4.56 mmHg.

Table 1 Description of the 128 metrics derived from the six landmarks detected by MOCAIP algorithm on a pulse of CBFV

The 28 metrics belonging to groups of 1–8 are called basic metrics, while the remaining 100 metrics (belonging to groups of 9–12) are extended metrics calculated as 
ratios among basic metrics within each group

CBFV cerebral blood flow velocity, ECG electrocardiograph, MOCAIP morphological clustering and analysis of intracranial pulse

Metric group index Notation Description

1 dV1,  dV2,  dV3,  dP1,  dP2,  dP3 Amplitude of the landmarks relative to the minimum point prior to initial rise

2 LV1P1,  LV1P2,  LV1P3,  LV2P2,  LV3P3 Time delay among landmarks

3 Curvv1,  Curvv2,  Curvv3,  Curvp1,  Curvp2,  Curvp3 Absolute curvature of each landmark

4 K1,  K2,  K3,  RC1,  RC2,  RC3 K1,  K2,  K3 are slopes of each rising edge and  RC1,  RC2,  RC3 are time constants 
of each descending edge

5 mCBFV, dias CBFV Mean CBFV and diastolic CBFV

6 LT Time delay of  V1 to ECG QRS peak

7 mCurv Mean absolute curvature of the pulse

8 WaveAmp Maximum among  dP1 and  dP3

9 dPp1p2, …. Ratio among landmark amplitudes

10 LV1P1/LT, … Ratio among time delays

11 Curvv1/Curvv2, … Ratio among curvatures

12 K1/RC1, … Ratio among slopes/RCs



Morphological Shapes of the ICP Pulse Waveforms 
Detected by the Two Systems
We then compared the morphological features of  ICPe 
and  ICPf. Qualitatively, the waveforms of  ICPf are slightly 
different from those recorded using EVD  (ICPe) as shown 
in Fig. 4, where one pair of ICP pulses per patient is ran-
domly selected from the pre-drainage segment, from 
FLEX catheter (blue), and from EVD (red). To perform 
a quantitative comparison, we calculated the amplitudes 
of each dominant ICP pulse at the six landmarks  (P1 
through  P3 and  V1 through  V3). Six scatter plots between 
pairs of these landmarks from the two sensing systems 
are displayed in Fig. 5. Each color represents one patient 
in the future. Except the first valley point  (V1), the other 
five landmarks of ICP pulses showed strong correlation 
as indicated by large r ranging from 0.89 to 0.94. Interest-
ingly, for dP1, different cohorts of patients have different 
gradients (Fig. 5a).  

Discussion
Continuous ICP monitoring remains a useful tool in the 
management of patients in NICU [27, 28]. A significant 
reason for death and long-term disability due to head 
injuries and other intracranial pathological conditions is 
an elevation in the ICP [1]. A continuous and accurate 
measurement of ICP as part of the neurological arma-
mentarium is important in understanding disturbances 
in brain function. Although EVD is still considered to be 
the gold standard for ICP monitoring, it may miss impor-
tant information of ICP while it is open to CSF drainage 
[29]. Therefore, in clinical practice, there are times when 
both intraparenchymal ICP monitor (IPM) and EVD are 
placed in the same patient [30]. Several studies compared 
the ICP measurements from IPM and EVD, and their 
conclusions vary. Some studies suggest ICP data from the 
two devices are not interchangeable [30, 31], while oth-
ers show good agreement between ICP readings from 
IPM and EVD [21, 32]. A system that can serve the needs 
of ICP monitoring and CSF drainage simultaneously is 
highly desirable, such as  Integra®  Camino® FLEX Ven-
tricular Catheter used in this study. To our knowledge, 
we presented the first-ever study validating the FLEX 
ventricular catheter. Our results showed a linear relation-
ship between mean ICP recorded through FLEX catheter 
 (ICPf) and conventional EVD  (ICPe). There is no signifi-
cant difference between the two systems. According to 
the standards for ICP monitoring devices developed by 
American National Standards Institute/Association for 
the Advancement of Medical Instrumentation (ANSI/
AAMI, http://www.aami.org/) [33], ICP monitoring 
devices should provide an accuracy of 2  mmHg in the 
range of 0–20  mmHg, and the maximum error should Ta
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Fig. 3 a A scatter plot between mean ICP from the conventional EVD (x-axis,  ICPe) and from FLEX sensor at the tip (y-axis,  ICPf) (n = 4273). A signifi-
cant linear correlation was found between the two ICPs. b Bland–Altman plot between the two ICP measurements indicates that mean difference 
between the two ICPs is only − 1.96 mmHg. 95% confidence interval of agreement is − 7.94 to 4.56 mmHg. ICP intracranial pressure, EVD external 
ventricular drains

Fig. 4 Comparison of ICP pulse waveforms recorded by FLEX ventricular sensor (red) and by the conventional EVD sensor (blue). Each figure repre-
sents one dominant ICP pulse randomly selected from each subject. ICP: intracranial pressure; EVD: external ventricular drains (Color figure online)



not exceed 10% in the range of 20–100 mmHg. The mean 
difference of 1.69 mmHg between  ICPe and  ICPf in our 
study is within the 2  mmHg tolerance level required by 
the ANSI/AAMI standard and can be considered as a 
surrogate of conventional EVD for ICP monitoring.

Besides mean value, ICP waveform morphology should 
be considered when assessing reliability of ICP moni-
tors [21, 34]. The ICP pulse waveforms, characterized 
by three notches  (P1,  P2,  P3), also contain pathological 
information. The percussion wave  (P1) represents arte-
rial pulsation; the tidal wave  (P2) represents intracranial 
compliance; and the dicrotic wave  (P3) represents aortic 
valve closure [35–37]. Increased amplitudes of all three 
peak waves are related to elevated mean ICP caused 
by increased CSF, increased amplitude of  P1 might be 
related to increased systolic ABP, and increased ampli-
tude of  P2 would be due to decreased intracranial com-
pliance. It is important to compare the morphological 
difference of ICP pulses recorded by the FLEX catheter 
and EVD in this study. The MOCAIP algorithm was 
used to extract the morphological features of ICP wave-
forms. This algorithm has been validated in several stud-
ies including a study related to normal subjects’ response 

under hypercapnia challenge [23], a study of cerebral vas-
cular changes among TBI patients related to lactate pyru-
vate ratio increase [38], and a study of cerebral vascular 
changes in response to electroencephalogram (EEG) 
bursts among severe brain injury patients under an EEG 
burst suppression states [39]. These existing studies have 
shown the validity of the MOCAIP algorithm and prove 
its feasibility to be used in our present research.

By comparing the metrics derived through the 
MOCAIP algorithm, we found that the six landmarks 
of ICP pulses from the two sensing systems were highly 
correlated. The weakest correlation was found in the first 
valley point  (V1) of  ICPe and  ICPf. However, the value 
of  V1 was extremely tiny compared with the amplitudes 
of other features, and the absolute difference between 
 V1 amplitude of  ICPe and  ICPf was small enough to be 
negligible (0.012  mmHg). Interestingly, for dP1, differ-
ent cohorts of patients have different gradients as shown 
in Fig.  5a; the TBI cohort (red, black, and light green 
dots) displays bigger gradient than aSAH patients (pink 
and blue dots) and the ICH patient (dark green dots). 
Although morphological features of  ICPe and  ICPf were 
highly correlated, the ICP pulses from the two systems 

Fig. 5 Scatter plots between the amplitudes of the six landmarks of ICP pulses detected through the conventional EVD (x-axis,  ICPe) and the FLEX 
ventricular sensor at the tip (y-axis,  ICPf). ICP intracranial pressure.  dV1,  dV2,  dV3,  dP1,  dP2, and  dP3: amplitudes of landmarks relative to the minimum 
point prior to initial rise. Each color represents one patient: Red, black, and light green dots represent traumatic brain injury patients; blue and pink 
dots represent aneurysmal subarachnoid hemorrhage patients; and dark green dots represent the intraventricular hemorrhage patient (Color figure 
online)



were distinctively different. Therefore, it is important to 
avoid directly mixing shapes of ICP pulses from EVD and 
the FLEX ventricular catheter. It looks like the contours 
of  ICPf are more well defined than  ICPe (Fig. 4), and this 
difference might be due to different digital or analog fil-
ter settings on bedside patient monitors for acquiring 
these two signals, or might be because of the different 
measurement systems: The FLEX catheter detects ICP 
through sensor at the tip located in the ventricle while 
EVD detected the ICP using fluid-coupled device that 
may have dampened the ICP pulse. On the other hand, 
Fig. 4 might suggest that FLEX catheter is more sensitive 
to ICP changes and it is superior to conventional fluid-
coupled ICP sensing.

This study validated the usage of FLEX catheter for 
ICP monitoring, which can provide more information 
about ICP even during CSF drainage and can avoid miss-
ing events of elevated ICP. For conventional EVD, nurses 
need to intermittently clamp the EVD to measure ICP. 
This operation not only increases the clinician burden, 
but also needs professional training to the nurses. Stand-
ard guideline requires at least 30-s to 1-min wait before 
reading ICP values during intermittent ICP checking 
[14], due to the reason that ICP dynamics have inher-
ent hysteresis and require a certain amount of time to 
reach a new equilibrium after closing the system to CSF 
drainage. Inaccurate assessment of ICP can impact treat-
ment decisions and impact patient outcomes. The FLEX 
catheter releases this clinical burden through continu-
ous monitoring of ICP. Moreover, as the sensor of FLEX 
system is located at the tip inserted into the ventricle, it 
can still monitor ICP even when CSF drainage cannot be 
established due to slit or shifted ventricles or becomes 
occluded due to bloody CSF. As the FLEX catheter moni-
tors ICP directly at the source, it provides an accurate 
reading regardless of patient position. The nurses do 
not need to frequently realign the transducer every time 
while they change the patient’s position [22]. With more 
information of ICP obtained during CSF drainage, it is 
possible to analyze vascular changes and flow dynamics 
by using advanced algorithms, such as MOCAIP, which 
still needs further study in the future.

Finally, we acknowledge the following limitations. 
Firstly, the patient population in the present study 
was rather small (only six patients). Future study with 
more data is needed. Moreover, as our main aim of this 
project was to study the cerebral vascular changes in 
response to acute ICP decrease, we only analyzed the 
episodes with acute decrease in ICP during CSF drain-
age, a short period before CSF drainage (baseline), and 
a short period after CSF drainage. However, not the 
whole long recordings of ICP signals during patient’s 

stay in hospital were analyzed. Therefore, if the catheter 
tip ICP sensor had long-term drifting in its accuracy, 
in theory, it would lead to larger difference between the 
mean ICP from this sensor and the mean ICP acquired 
by using conventional EVD. Therefore, our selection of 
EVD-opening episodes might not be able to detect this 
phenomenon as frequent EVD opening to drain CSF 
may occur more often in the acute phase of ICP moni-
toring. However, there are uncertainties in terms of the 
maintenance of an accurate calibration of fluid-coupled 
device throughout the monitoring. Therefore, we would 
argue that future prospective studies that take into con-
sideration of all these factors are needed to investigate 
whether catheter tip sensors have long-term drifting. 
Thirdly, the price of FLEX catheter is higher than the 
conventional EVD; however, with more information 
about ICP, this FLEX system avoids intermittent ICP 
checking and reduces the clinical burden. It also allows 
us to further study the cerebral dynamics in different 
situations, especially during CSF drainage with acute 
ICP drop.

Conclusions
This study compared a new FLEX ventricular cath-
eter with conventional fluid-coupled manometer for 
ICP waveform monitoring. Strong concordance in ICP 
value and waveform morphology between the two sys-
tems indicates that this catheter can be used for reli-
ability for both clinical and research applications.
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