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�Introduction

External ventricular drains (EVDs) are widely used to con-
trol hydrocephalus, with roughly 37,000 patients a year 
receiving EVDs in the USA alone, generating in-hospital 
charges of $151,672 per patient, or US$5.6 billion a year [1]. 
EVDs are frequently complicated by ventriculitis, an infec-
tion of the ventricular system. Penetration into the central 
nervous system (CNS) with ventriculostomy can introduce 
infectious species into the cerebrospinal fluid (CSF), which 
acts as a reservoir for microbiota. The infection can lead to 
inflammation of the arachnoid villi, decreasing CSF outflow 
and instigating hydrocephalus [2]. Up to 22% of patients 
with EVDs develop ventriculitis [3]. The Centers for Disease 
Control guidelines define ventriculitis by combinations of 
clinical features such as fever, headache, or meningeal signs 
(neck stiffness, photophobia), laboratory test features such as 
elevations in the CSF white blood cell count and protein 
level, a decreased CSF glucose level, and a CSF culture that 
is positive for an organism [4]. A negative CSF Gram stain 
does not exclude the presence of ventriculitis [5, 6]. Patients 
with certain conditions such as subarachnoid hemorrhage 
(SAH) or intraventricular hemorrhage (IVH) are at increased 
risk of ventriculitis [7].

Delays in implementing proper antimicrobial therapy for 
infections are associated with increases in mortality [7], so 
neurocritical care units commonly institute periodic or 

responsive (to fever) drawing of CSF from EVDs to send 
away for culturing and other laboratory studies [8]. The lon-
ger an EVD remains indwelling, the higher the risk of ven-
triculitis, with the rate of infection ranging from 6.3 to 10.4 
infections per 1000 EVD-days [9]. The frequency of drawing 
fluid samples from the EVD is, in itself, another risk factor. 
One study showed a 5% decrease in the rate of ventriculitis 
in patients sampled every 3  days versus daily [10], and 
another study found a significant increase in the risk of infec-
tion with both daily and alternate-day sampling regimens in 
comparison with sampling 1–2 times per week [11]. Imaging 
and laboratory test characteristics can also identify ventricu-
litis. Magnetic resonance imaging has shown promise in 
small studies, where intraventricular debris and pus on fluid 
attenuation inversion recovery (FLAIR) imaging and cho-
roid plexitis on T-1 imaging were sensitive for ventriculitis 
[12]. Serum procalcitonin, a marker of bacterial pneumonia, 
has shown utility in distinguishing bacterial meningitis from 
viral meningitis, and early high serum procalcitonin concen-
trations were predictive of bacterial ventriculitis in a study of 
36 patients with EVDs [13]. However, neither serum nor 
CSF procalcitonin have proven able to differentiate between 
fevers of infectious or noninfectious etiology, making pro-
calcitonin a poor noninvasive predictor [14, 15]. One study 
showed a significant increase in CSF red blood cell counts in 
culture-positive ventriculitis, though this was shown to be 
neither sensitive nor specific and is confounded by concur-
rent hemorrhage [16]. Furthermore, any detection system 
that relies on assaying CSF still requires periodic draws, thus 
negating the hypothetical advantages of another method of 
detection.

We made clinical observations of blunted single-peak 
waveforms in patients with ventriculitis. Understanding that 
ICP waveforms should reflect the changing poroelastic prop-
erty of the parenchyma, we hypothesized that the temporal 
dynamics of intracranial pressure waveforms could reveal a 
pathological change in compliance in patients developing 
ventriculitis.
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�Materials and Methods

�Study Population and Data Collection

We studied consecutive patients with EVDs who were pro-
spectively enrolled in a hemorrhage outcomes study from 
2006 to 2018. The study was approved by the Columbia 
University Medical Center institutional review board. In 
each case, written informed consent was obtained from the 
patient or a surrogate.

Physiological data for the duration of the intensive care 
unit stay were acquired using a high-resolution acquisition 
system (BedMasterEX, Excel Medical Electronics, Jupiter, 
FL, USA) from General Electric Solar 8000i monitors 
(Port Washington, NY, USA; 2006–2013) at 240 Hz (wave-
forms) or Philips Intellivue MP70/MX800 monitors 
(Amsterdam, the Netherlands; 2013–present) at 125  Hz 
(waveforms). We converted the proprietary file format 
(STP) defined by BedMasterEx into the Hierarchical Data 
Format, version 5 (HDF5; 1997–2018; http://www.hdf-
group.org/HDF5/), which is specifically designed to store 
and efficiently organize large quantities of data.

�Outcome Definition

Given the uncertainty around the clinical diagnosis of defi-
nite ventriculitis, we limited the outcome in our cohort to 
culture-positive ventriculitis [4, 17].

�Data Analysis

Using wavelet analysis [18], we extracted uninterrupted seg-
ments of ICP waveforms. We extracted dominant pulses 
from continuous high-resolution data, using a validated tech-
nique, morphological clustering analysis of intracranial pres-
sure (MOCAIP) [19]. Then we applied hierarchical k-means 
clustering, using the dynamic time warping (DTW) distance 
to obtain morphologically similar groupings [20]. DTW is an 
algorithm for measuring similarity between two temporal 
sequences, which may vary in speed. Metaclusters were cat-
egorized for broad comparison by clinician consensus and 
labeled as compliant (three peaks), noncompliant (one peak), 
and artifactual groups. Finally, we compared the distribution 
of these metaclusters before, during, and after the diagnosis 
of definite ventriculitis.

�Statistical Analysis

We used a chi-squared test of independence to compare the 
distribution of the metaclusters before, during, and after 
ventriculitis, and we used change point analysis [21] to 
identify significant changes in the distribution leading to 
ventriculitis.

�Results

Consecutive patients (N  =  1653) were prospectively 
enrolled in a hemorrhage outcomes study from 2006 to 
2018. Of these, 435 patients (26%) required EVDs, and 76 
(17.5% of those with EVDs) had ventriculitis. Nineteen 
patients (25% of those with ventriculitis) showed culture-
positive CSF and were included in the present analysis. Of 
these, nine patients had enough physiological data recorded 
for analysis.

We extracted 275,911 dominant pulses from 459.9 h of 
EVD data. Of these, 112,898 pulses (40.9%) occurred before 
culture positivity, 41,300 pulses (15.0%) occurred during 
culture positivity, and 121,713 pulses (44.1%) occurred after 
it. K-means identified 20 clusters, which were further 
grouped into metaclusters: tri−/biphasic, single-peak, and 
artifactual waveforms. Prior to ventriculitis, 61.8% of domi-
nant pulses were tri−/biphasic; this percentage reduced to 
22.6% during ventriculitis and 28.4% after it (p < 0.0001) 
(Fig. 1a, b).

Change point analysis [21] with 99% confidence showed 
a significant change in the distribution of the metaclusters 
1 day before the cultures that revealed ventriculitis were sent 
away for analysis (Fig. 1c, d).

�Discussion

There is a compelling need for identification of ventriculitis 
that does not rely on CSF sampling. We analyzed ICP wave-
forms before, during, and after adjudication of ventriculitis. 
We found significant differences in the distribution of the 
morphologies of the ICP waveforms. Using change point 
analysis, we further identified that there was a significant dif-
ference in the distribution of the cluster 1 day before the cul-
tures that revealed ventriculitis were sent away for analysis. 
The distribution of ICP waveform morphology changes sig-
nificantly prior to the clinical diagnosis of ventriculitis and 
may be a potential biomarker.
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This study had the following limitations: (1) the study 
cohort included only ventriculitis patients, and a comparison 
with matched controls is warranted in order to create any 
predictive models; and (2) to generalize this finding across 
different institutions, further validation using external data is 
required. In our future work, we plan to address these chal-
lenges by comparing our ventriculitis cohort with a matched 
control group, in order to develop predictive models using 
ICP waveform dynamics as a biomarker for ventriculitis. 
Additionally, an external validation study is under way.
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