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Since its first edition in 1972, the International Symposium on Intracranial Pressure and 
Neuromonitoring (also called the ICP Conference) has been an excellent high level and multi-
disciplinary forum for the exchange of ideas and results on clinical management and research 
associated with the monitoring of intracranial pressure, cerebrovascular autoregulation, and 
additional physiological and metabolic signals of the brain relevant to conditions as traumatic 
brain injury, subarachnoid hemorrhage, stroke, spinal cord injury, hydrocephalus, and cerebro-
vascular fluid disorders. What initially started with the investigation of the information con-
cealed within the ICP signal and the association with clinical variables, has expanded over the 
past decades to include advanced imaging methods, metabolic monitoring, and sophisticated 
mathematical modeling. One of the great strengths of the ICP Conference has always been that 
it brings together all the disciplines involved and facilitates direct communication between 
neuroscientists, engineers, computer scientists, mathematicians, and clinicians from a variety 
of backgrounds. In all of the fascinating developments that were subjects of the ICP 
Conferences, the dedication to those who suffer devastating acute brain and spinal cord inju-
ries and cerebrospinal fluid disorders has always remained central.

The 17th ICP Conference was held in Leuven, Belgium from September 8 through 11 2019 
and we were proud to host it. The Conference welcomed 360 delegates from all over the world. 
It featured 202 contributed presentations and attained a high level of interaction and discus-
sion. In addition, it hosted four satellite events, amongst which a data challenge,  ICM+ users 
group meeting, annual meeting of the Brain-IT group and the 9th annual meeting of CARNet. 
A cross-section of the research presented in Leuven is included in this Proceedings volume. 
The 70 papers that were selected for this volume give an accurate insight into current thought 
and direction in the research on brain monitoring. We are happy to present them and are confi-
dent that these contributions will inspire future work and ideas. Therefore, we are already 
looking forward to the 18th edition of the ICP Conference, that will take place in Cape Town, 
South Africa in 2022, at which the 50th anniversary of the ICP Conference will be 
celebrated.

The editors wish to thank the ICP2019 Scientific Committee, the International Advisory 
Committee and Mrs. Marie-Laure Bettens and Ann Moerenhout for their enormous adminis-
trative support.

Leuven, Belgium Bart Depreitere 
  Geert Meyfroidt 
  Fabian Güiza 

Preface (17th International Conference on 
Intracranial Pressure and 
Neuromonitoring)
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 Introduction

Secondary cerebral ischemia (SCI) is still one of the leading 
causes of mortality and disability in patients who have expe-
rienced a traumatic brain injury (TBI) [1]; however, changes 
in microcirculation parameters that occur with posttraumatic 
SCI still remain underinvestigated [2]. The purpose of this 
work was to study changes in cerebral microcirculation 
parameters in the development of SCI.

 Materials and Methods

This retrospective, observational, nonrandomized, single- 
center study was conducted as an analysis of a prospectively 
maintained database cohort (2013–2018) and included patients 
with a head injury and unilateral foci of posttraumatic isch-
emia. The protocol of the study was reviewed and approved by 
the institutional ethics committee, and conformed to the stan-
dards of the Declaration of Helsinki. Neuromonitoring param-
eters were measured as part of standard patient care, and the 
data were archived in a physiological monitoring database. 
Age, sex, injury severity, and clinical condition data were 
recorded in this database at the time of monitoring. The study 
inclusion criteria were as follows: moderate or severe TBI 
within 6  h after head injury, with a Glasgow Coma Scale 
(GCS) score ≤ 12, and unilateral foci of posttraumatic isch-
emia on perfusion computed tomography (PCT). We excluded 
patients who were younger than 16  years or had an Injury 

Severity Score (ISS) greater than 60. All patients were sub-
jected to multiphase PCT using a 64-slice Philips Ingenuity 
CT tomograph (Philips Medical Systems, Cleveland, OH, 
USA). PCT was performed 1–4  days after TBI (mean 
3.3  ±  0.5  days). The perfusion examination report included 
initial contrast-free CT of the brain. Further extended scanning 
with a contrast agent was performed within 60 s, focusing on 
16 areas of interest, 160 mm in thickness. The scanning 
parameters were 160 kVp, 160 mA, 70 mAs, 512 × 512. The 
contrast agent Ultravist 370 (Schering, Berlin, Germany) was 
administered, using a syringe injector (Medrad Stellant, Bayer 
HealthCare, Whippany, NJ, USA), into a peripheral vein 
through a standard 20 G catheter at a rate of 4–5 mL/s in a 
dose of 30–50 mL per examination. After the scanning, the 
data were transferred to a KIR picture-archiving and commu-
nication system (PACS) (JSC, Kazan, Russia) and a Philips 
Extended Brilliance Workspace workstation (Philips 
HealthCare, Amsterdam, the Netherlands) with MATLAB 
2013b (The MathWorks, Natick, MA, USA). Artery and vein 
marks were automatically recorded, followed by manual con-
trol of indices in the time–concentration diagram. The region 
of interest was established on the basis of subcortical areas of 
the middle cerebral artery (MCA). Errors introduced by delay 
and dispersion of the contrast bolus before arrival in the cere-
bral circulation were corrected by use of a block- circulant 
deconvolution algorithm. Quantitative perfusion indices, 
including cerebral blood flow (CBF), were calculated on a 
voxel-wise basis and were used to generate color- coded maps. 
Voxels with CBF >100 mL/100 g/min or cerebral blood vol-
ume (CBV) >8 mL/100 g were assumed to contain vessels and 
removed from the perfusion map [3]. Core infarction on PCT 
was defined as CBV <2.0 mL/100 g or a relative decrease in 
CBF >38% in comparison with the contralateral hemisphere 
[4]. Immediately after PCT, Doppler ultrasound of the MCA 
was recorded bilaterally with 2 MHz probes (Sonomed 300 M, 
Spektromed, Moscow, Russia). A Centaurus 2.0 neuromonitor 
(Privolzhsky State Medical University, Nizhny Novgorod, 
Russia) was used to monitor the cerebral complex during the 
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study. Arterial blood pressure and its amplitude (MAPamp) 
were measured noninvasively using a Cardex MAP-03 moni-
tor (Cardex, Nizhny Novgorod, Russia). The cerebrovascular 
resistance (CVR), cerebral arterial compliance (CAC), cere-
brovascular time constant (CTC), and critical closing pressure 
(CCP) were measured using a complex neuromonitoring, as 
described previously [5, 6].

 Statistical Analysis

To determine whether the data were normally distributed, a 
Shapiro–Wilk test was used. The data were expressed as 
mean ± standard deviation. A statistical analysis of all results was 
performed using a paired Student’s t test. To specify the structure 
of the relationship of the variables, factor analysis was per-
formed. We used a two-factor model with a raw varimax rota-
tion. P values <0.05 were considered statistically significant.

 Results

The patients’ sex distribution had a male predominance (15 
women, 187 men). The mean age was 54.7  ±  15.6 (range 
17–87) years. The mean level of wakefulness, according to 
the GCS score, was 9.1 ± 0.5 (range 5–12). The distribution 
of TBI patients according to the Marshall Classification is 
shown in Table  1. Analysis of the studied parameters 
(Table 2) showed that in all patients with TBI, the mean CVR 

values were significantly higher than normal reference val-
ues (P < 0.05) and there was a significant difference in the 
CVR between the SCI zone and the opposite locus of the 
contralateral hemisphere (4.06 ± 2.16 vs. 2.7 ± 1.1 mmHg × 
100 g × min/mL, р = 0.0009). In all patients with TBI, the 
mean CAC values were significantly lower than normal ref-
erence values (P  <  0.05) and the CAC was significantly 
lower in the hemisphere with SCI than in the opposite hemi-
sphere without SCI (0.026 ± 0.017 vs. 0.049 ± 0.035 mL/
mmHg, р = 0.017). The mean CTC, as a product of the CAC 
and CVR in both hemispheres in patients with SCI, appeared 
to be significantly shorter than the mean normal value 
(р < 0.05). We also saw a small but significant decrease in the 
CTC between the hemispheres with and without SCI 
(0.10 ± 0.07 vs. 0.08 ± 0.08 s, р = 0.015). Analysis of the 
studied parameters showed that the mean CCP values 
appeared to be significantly higher than the mean normal 
value (р  <  0.01). There was a significant difference in the 
CCP between the hemisphere with SCI development and the 
hemisphere without SCI (46.88  ±  14.05 vs. 
45.44 ± 10.73 mmHg, р = 0.65). In factor analysis of poten-
tial risk factors for SCI development, the CVR and CCP 
were significant risk factors for SCI (P < 0.05).

 Discussion

Microcirculatory disturbances remain the cornerstone of 
development of cerebral hypoperfusion and SCI in patients 
with TBI [7]. Evaluation of the pial bed status is necessary 
since it can serve as a predictor of SCI development. This 
study showed that with development of SCI in the acute 
period (on days 2–3) after craniocerebral injury, the CAC 
and CTC significantly decrease while the CCP and CVR sig-
nificantly increase in comparison with normal reference val-
ues. In our opinion, there may be a few reasons for these 
CAC and CTC reductions and CCP and CVR augmentations, 
but all of them seem to be associated with brain edema. First, 
development of combined (vasogenic and cytotoxic) edema 
due to blood–brain barrier disruption and SCI development 
may lead to compression of the pial vessels [8]. CT signs of 
brain edema found in all 202 patients in our study indirectly 
confirmed this assumption. The second reason may be 

Table 1 Distribution of patients with traumatic brain injury according 
to the Marshall Classification
Classification

Number PercentageClass Definition
I No visible intracranial pathology 0 0

II Midline shift of 0–5 mm, basal 
cisterns remain visible, no high- or 
mixed-density lesions >25 cm3

24 11.9

III Swelling 28 12.7

IV Shift 37 16.8

V Evacuated mass lesion 113 51.4

VI Nonevacuated mass lesion 0 0

Table 2 Acquired and analyzed data
CVR
(mmHg × 100 g × min/mL)

CAC
(cm3/mmHg)

CTC
(s)

CCP
(mmHg)

Hemisphere with SCIa 4.06 ± 2.16 0.026 ± 0.017 0.10 ± 0.07 46.88 ± 14.05

Hemisphere without SCIa 2.7 ± 1.1 0.049 ± 0.035 0.08 ± 0.08 45.44 ± 10.73

Р value (for comparison between hemispheres) 0.0009* 0.017* 0.015* 0.65

CAC cerebral arterial compliance, CCP critical closing pressure, CTC cerebrovascular time constant, CVR cerebrovascular resistance, SCI second-
ary cerebral ischemia
aThe data are expressed as mean ± standard deviation
*Р values <0.05 are statistically significant
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regional microvascular vasospasm due to increases in the 
concentrations of blood degradation products trapped in the 
subarachnoid spaces. This effect results from auto-oxidation 
of oxyhemoglobin to methemoglobin with the release of fer-
ric” [i.e., Fe(III)]. Furthermore, it is supposed that superox-
ides change the NO concentration [9], which leads to 
development of microvascular vasospasm [10]. In our study, 
Doppler ultrasound revealed no signs of MCA vasospasm in 
patients suffering from TBI.  However, this ultrasound 
method does not provide the possibility to evaluate micro-
vascular spasm. The third cause of pial bed compression may 
be swelling of astrocyte endfeet directly adjacent to the cap-
illary wall [11]. Such swelling evolving in the first hours 
after TBI may persist for a week thereafter [12]. Finally, 
compression of pial vessels both in brain injury and in vaso-
spasm is associated with dysfunction of pericytes located in 
the basal  pericapillary membrane. It has been shown that 
narrowing of arterioles and capillaries occurs because of dis-
turbance in the expression of endothelin-1 and pericytial 
receptor types A and B, as well as migration of over 40% of 
pericytes from the basal membrane [13].

Our study had the following limitations. First, it was 
impossible to carry out dynamic assessment of microcircula-
tory parameters without repeated PCT. Second, we have to 
admit that we failed to completely eliminate a mathematical 
error associated with measurement of the “area of interest” 
space. Third, the obtained data incorporated therapeutic and 
surgical influences, which could not be removed. Fourth, the 
data artifacts were removed manually by two experts (AT 
and DM), and we could not exclude the possibility that some 
artifacts went unnoticed. Lastly, no corrections for multiple 
testing were performed.

Clearly, this new approach to the concept of microcircula-
tory biomarkers in TBI still needs to undergo more thorough 
scrutiny. Further studies need to be performed to confirm 
these findings and provide better insight into how to interpret 
data derived from patients with TBI [14].

 Conclusion

In this study, changes in cerebral microcirculation parame-
ters (the CVR, CAC, CTC, and CCP indices) in patients with 
traumatic intracranial hemorrhage were associated with pro-
gression of secondary ischemia (P < 0.05), suggesting they 
have promising potential for use as early biological markers 
of SCI development. Further studies are needed to confirm 
these findings.
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 Introduction

Raised intracranial pressure (ICP) is an important second-
ary brain injury after traumatic brain injury (TBI), as it 
leads to hypoperfusion and, in some cases, brain hernia-
tion [1, 2]. Therefore, preventing elevated ICP is an 
important facet of modern neurocritical care. However, 
knowing what constitutes a prognostically important ICP 
insult is largely based on clinician experience. A method 
has recently been elucidated that allows for assessment of 
how the duration and magnitude of ICP insults relate to 
patient outcomes [3].

Individualized cerebral perfusion pressure (CPP) tar-
gets have been offered as an alternative to a ‘one size fits 
all’ approach [4]. In this method, the individualized lower 
limit of reactivity (LLR) can be calculated continuously 
to give an indication of whether a patient’s CPP is above 
or below their LLR.  Having a CPP below the LLR has 
been shown to relate to unfavourable outcomes and mor-
tality even after adjustment for other important prognostic 
factors [5].

In this study we aimed to illustrate how having a CPP 
below the LLR affects how ICP insults relate to patient out-
comes. We hypothesized that with a CPP below the LLR, 
even relatively mild ICP insults would be related to poor 
patient outcomes.

 Materials and Methods

This study was conducted as a retrospective analysis of a pro-
spectively maintained database cohort (treated between 1997 
and 2017), in which high-frequency physiological monitoring 
data were archived. Monitoring of brain modalities was con-
ducted as a part of standard patient care and archived in an 
anonymized database of physiological monitoring. Data on 
each patient’s age, injury severity and clinical status were 
recorded at the time of monitoring of this database, and no 
attempt was made to re-access clinical records for additional 
information. Since all data were extracted from hospital 
records and fully anonymized, no data on patient identifiers 
were available; therefore, formal patient or proxy consent and 
institutional ethics approval were not required.

 Participants

TBI patients with a clinical need for ICP monitoring and com-
puterized signal recordings were included in the analysis. A 
total of 729 head-injured patients admitted to the Addenbrooke’s 
Hospital Neurocritical Care Unit between 1997 and 2017 were 
included. The inclusion criteria were TBI, computerized inva-
sive monitoring of ICP and arterial blood pressure (ABP) for 
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at least 12 h, available admission Glasgow Coma Scale (GCS) 
and available 6-month mortality data. Patients were managed 
according to contemporaneous TBI guidelines.

All patients were sedated, intubated and ventilated. The 
stepwise ICP management included appropriate positioning 
and head elevation, prevention of hypotension and hypoxia, 
maintenance of end-tidal partial pressure of carbon dioxide 
(pCO2) levels, sedation, muscle paralysis, ventriculostomy, 
osmotic agents, induced hypothermia, barbiturate coma and 
decompressive craniectomy. CPP was maintained at target 
levels using intravenous fluids, vasopressors and inotropes. 
Tight glucose management was achieved with an insulin 
sliding scale, with target blood glucose levels of 6–8 mmol/L 
(108–144 mg/dL). Seizure management was achieved using 
phenytoin and levetiracetam as appropriate. Each patient’s 
initial GCS score was obtained prior to sedation. Patients 
without a point breakdown of their GCS were included in the 
analysis, as data on patients treated prior to the introduction 
of electronic medical records frequently included only the 
total GCS score. The Glasgow Outcome Scale (GOS) score 
was assessed at 6 months post-injury.

 Data Acquisition

ICP was monitored with an intraparenchymal Codman ICP 
MicroSensor (Codman & Shurtleff, Raynham, MA, USA) 
inserted into the frontal cortex, and ABP was monitored in the 
radial or femoral artery using a standard pressure transducer 
(Baxter Healthcare, Deerfield, IL, USA) with a zero calibra-
tion at the level of the right atrium (in patients treated between 
1997 and 2015) or at the foramen of Monro (in patients treated 
between 2015 and 2017). Between 1997 and 2002, data trends 
(1-min time averages) were collected with nonproprietary 
intensive care monitoring (ICM) software developed in-house 
and 1-min trends were stored. From 2002 to 2017, data were 
collected using ICM  +  ® software (Cambridge Enterprise, 
Cambridge, UK; http://www.neurosurg.cam.ac.uk/icmplus). 
The moving Pearson correlation coefficient (PRx) was calcu-
lated as the Pearson correlation of 30 consecutive 10-s average 
values of ABP and ICP. CPP was calculated as ABP minus 
ICP. A 10-s average was used to reduce the influence of respi-
ratory and pulse waveforms. A 300-s moving window was 
used to generate continuous PRx values.

 Lower Limit of Reactivity Calculation

CPP–PRx curve fitting was calculated as described previ-
ously [6]. Briefly, 5-min periods of the mean CPP values 
(updated every minute) were collected alongside 1-min mean 

values of PRx. These PRx values were then binned into 
5-mmHg-wide CPP intervals. These data were plotted as an 
error bar chart with CPP on the x-axis and PRx on the y-axis. 
A second-order polynomial curve was fitted after 4 h of data 
collection with predefined heuristics. A moving window 
with 1-min updates was used to generate a trend in the CPP 
LLR. Instead of a single-calculation window (of 4 h) being 
used to produce the CPP LLR, multiple calculation windows 
were applied during a period of 2–8 h (in 10-min increments) 
to yield up to 36 estimations. The means of these estimates 
were calculated and updated every minute [7].

The defined CPP–PRx curve was extrapolated to both 
sides to include the full range of plausible CPP values (from 
40 to 120  mmHg) to obtain the CPP values at which the 
curve crossed the threshold PRx value for impaired pressure 
reactivity (PRx = +0.30). The lower value of CPP at these 
two points of intersection was denoted as the CPP LLR.

 ICP Visualization

Episodes of increased ICP were extracted from each patient’s 
recording, as described previously [3]. For each episode, the 
average difference between the CPP and CPP LLR was also 
calculated. ICP hypertensive episodes were defined as being 
above a given intensity threshold I, for at least a given dura-
tion D. For each pair of intensity and duration thresholds 
<I,D>, the total number of corresponding episodes per 
patient was calculated separately in each 6-month GOS score 
group [2]. Thereafter, the Pearson correlation between the 
average number of ICP episodes and the GOS was calculated 
for each <I,D> and colour coded according to a predefined 
colour map. The point of zero correlation was termed the 
transition curve and denoted in black. Colour maps were pro-
duced for ICP hypertensive episodes where the CPP was 
above or equal to the CPP LLR and for episodes where the 
CPP was below the CPP LLR.

 Results

Demographic information regarding this cohort is available 
in a previous publication [5]. When the CPP was above or 
equal to the LLR, we found a curvilinear relationship 
whereby even prolonged durations of low-intensity ICP 
insults were not associated with poor outcomes but short 
durations of high-intensity insults were (Fig. 1, left panel). 
However, when only ICP insults with a CPP below the CPP 
LLR were considered, even much lower-intensity and shorter 
ICP insults were associated with poor patient outcomes 
(Fig. 1, right panel).

J. Donnelly et al.
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 Discussion

In this study we combined the concept of individualized CPP 
targets with an ICP insult visualization technique to show 
that when the CPP is below the LLR, the brain is vulnerable 
to even minor ICP insults. This is logical, given that both a 
low CPP and disturbed cerebral autoregulation have been 
shown in a separate data set to be associated with increased 
vulnerability to elevated ICP [3].

The ICP visualization technique highlights the fact that 
both the duration and the magnitude of ICP insults probably 
need to be considered during an assessment as to whether a 
patient’s ICP warrants any treatment. For example, if a 
patient’s ICP is 18 mmHg for 30 min and the CPP is above 
the LLR, aggressive ICP-lowering therapy may not be neces-
sary, as this insult is associated with favourable outcomes 
(shown to the left of the black transition curve). However, if 
the episode lasts for 200 min, then perhaps more aggressive 
management could be warranted, as such an insult is associ-
ated with poor outcomes. This information could prove use-
ful in the design of trials that assess the efficacy of 
ICP-lowering therapies.

Implementation of such colour-coded plots at the bedside 
is a possibility to assist in ICP interpretation. In this scenario, 
the characteristics (duration and magnitude) of a patient’s 
current elevated ICP episode could be overlaid on the 
coloured contour map. Furthermore, with increasing size of 
the relevant data sets, detailed subgroup analyses may 
become possible, such as ICP insults amongst sex categories, 
age groups or imaging phenotypes.

This visualization technique could also be applied to 
other monitored signals that relate to secondary injury, 

such as the lactate-to-pyruvate ratio, brain tissue oxygen-
ation or brain temperature. It is likely that the transition 
curves for other variables will be distinct from that of ICP, 
reflecting the different timescales of different forms of 
secondary injury. It is important to note that therapy for 
raised ICP is not always benign and therefore can contrib-
ute to poor patient outcomes in addition to the effects of 
ICP per se. In this way, harmful ICP-lowering therapies 
such as barbiturate coma or decompressive craniectomy 
could be contributing to the overall red colour profile that 
appears to the right of the transition zone on coloured con-
tour maps. Unfortunately, data on patient therapies were 
not available in this cohort.
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Fig. 1 Visualization of the relationship between the number of intra-
cranial pressure (ICP) insults (of a particular duration and intensity) 
and the Glasgow Outcome Scale (GOS) score after severe traumatic 
brain injury (TBI) when the cerebral perfusion pressure (CPP) is above 
the lower limit of reactivity (LLR) (left panel; 21 million insults) or 
below the LLR (right panel; three million insults). When the CPP is 

above the LLR, a curvilinear transition zone is seen (shown in black in 
the left panel) whereby the longer the episode of raised ICP lasts, the 
lower the level of raised ICP that is associated with poor outcomes. In 
contrast, when the CPP is below the LLR during an insult, even low- 
intensity ICP insults are associated with a worse GOS score, denoted by 
the predominance of red in the right panel

Visualization of Intracranial Pressure Insults After Severe Traumatic Brain Injury: Influence of Individualized Limits of Reactivity

https://icmplus.neurosurg.cam.ac.uk
https://icmplus.neurosurg.cam.ac.uk
https://doi.org/10.1007/s12028-019-00748-x
https://doi.org/10.1007/s00134-015-3806-1


10

 4. Donnelly J, Budohoski KP, Smielewski P, Czosnyka M (2016) 
Regulation of the cerebral circulation: bedside assessment and clini-
cal implications. Crit Care 20(1):129

 5. Donnelly J, Czosnyka M, Adams H et  al (2017) Individualising 
thresholds of cerebral perfusion pressure using estimated limits of 
autoregulation. Crit Care Med 45(9):1464

 6. Aries MJH, Czosnyka M, Budohoski KP et al (2012) Continuous 
determination of optimal cerebral perfusion pressure in traumatic 
brain injury. Crit Care Med 40(8):2456–2463

 7. Liu X, Maurits NM, Aries MJH et al (2017) Monitoring of optimal 
cerebral perfusion pressure in traumatic brain injured patients using a 
multi-window weighting algorithm. J Neurotrauma 34(22):3081–3088

J. Donnelly et al.



11B. Depreitere et al. (eds.), Intracranial Pressure and Neuromonitoring XVII, Acta Neurochirurgica Supplement 131,
https://doi.org/10.1007/978-3-030-59436-7_3, © Springer Nature Switzerland AG 2021

 Introduction

Cerebral critical closing pressure (CrCP) is the arterial blood 
pressure (ABP) at which small cerebral vessels close and cir-
culation stops [1–3]. It comprises intracranial pressure (ICP) 
and arteriolar wall tension (WT). It has been suggested that 
the “closing margin” [4, 5], or the “effective” cerebral perfu-
sion pressure (CPPeff; calculated as ABP − CrCP) [12, 21], 
would estimate the real driving pressure gradient for cerebral 
perfusion and provide a more appropriate value of the real 
perfusion pressure than the “conventional” cerebral perfu-
sion pressure (CPP; calculated as ABP − ICP). A schematic 
diagram showing the differences between the CPP and 
CPPeff concepts is shown in Fig. 1.

In this study, we wanted to investigate how an arterial 
blood increase would change CrCP and CPPeff in a cohort 
of patients with a traumatic brain injury (TBI), taking into 
account that it would probably elicit an autoregulatory 
response that would increase WT, decrease cerebral blood 
volume simultaneously, and therefore probably decrease 
ICP.

 Patients and Methods

We retrospectively analyzed recordings of ABP, ICP, and 
cerebral blood flow velocity (FV), measured by transcranial 
Doppler ultrasound, from 11 patients (two women and nine 
men; median age 29 (interquartile range (IQR) 14) years) 
with a severe TBI and a median Glasgow Coma Scale (GCS) 
score of 6 (IQR 1) at admission, in whom a 20-mmHg 
increase in ABP was generated during a 30-min period after 
a 30-min basal recording as an initial part of a clinical trial 

studying changes in cerebral autoregulation after an infusion 
of tromethamine (a drug with buffer effects, which decreases 
intracranial hypertension). Data from the first part of this 
trial (obtained in the basal and hypertensive situations, with-
out tromethamine) are presented in this chapter.

This single-center clinical trial was approved by the insti-
tutional ethics committee, and written informed consent was 
obtained from all participants’ next of kin.

The 11 patients were admitted to our 15-bed adult general 
intensive care unit (ICU) at a tertiary university hospital 
between March 2005 and May 2007. Patients were included 
in the study if they were between 16 and 70 years old and had 
suffered a closed severe TBI with (1) a postresuscitation 
GCS score <9 at admission; or (2) a deterioration in the GCS 
score of two or more points, requiring mechanical ventila-
tion; or (3) a requirement for neurosurgery before or after 
ICU admission.

The study exclusion criteria were clinical signs of cardiac 
failure, known renal or hepatic dysfunction, and pregnancy.

 Patient Management

Management was implemented according to our ICP and 
CPP protocol based on (1) surgical evacuation of significant 
intracranial mass lesions or (2) medical treatment, including 
maintenance of ICP below 20 mmHg (with ventricular drain-
age, moderate hyperventilation, and mannitol or hypertonic 
saline) and CPP of 65–70 mmHg (after hydrostatic correc-
tion). Volume replacement was followed by norepinephrine 
if it was not sufficient to reach the required CPP. All patients 
were intubated and received mechanical ventilation. They 
were maintained in a normothermic state, sedated, and para-
lyzed in order to avoid CO2 oscillations.
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 Pressure Challenge

After a 30-min basal recording, a norepinephrine infusion 
was started if it had not been necessary beforehand. A 50-mL 
normal saline solution containing 16 mg of norepinephrine 
(320 μg/mL) was started at a rate of 0.07 μg/kg/min. If the 
patient was already receiving norepinephrine, the basal dose 
was increased. The infusion rate was slowly increased to 
obtain a 20-mmHg slow increase in ABP. Figure 2 shows the 
raw and mean values of the acquired signals in the basal and 
hypertensive situations in one patient as an example of the 
study protocol.

 Data Acquisition, Processing, and Analysis

The data used in this work were obtained from 11 patients 
with severe TBI, admitted to the ICU of the Hospital de 
Clinicas (Montevideo, Uruguay) between September 2005 
and May 2007. The median age of the patients was 29 (IQR 
14) years. An electrocardiogram, ABP, cerebral FV, and ICP 
were monitored continuously. Data acquisition and process-
ing were performed with our in-house-designed CONTINE 
integrated neuromonitoring system including the ProcMx 
software system [6].

 Data Acquisition

FV was measured in centimeters per second in the medial 
cerebral artery, using an EME TC2-64B transcranial Doppler 
system with a 2-MHz probe. FV was measured in the M1 

segment of the middle cerebral artery through the temporal 
window, in accordance with the method described by Aaslid 
et al. [7]. The 2-MHz pulsed Doppler monitoring probe was 
fixed in its position and angle in order to keep the angle of 
insonation unchanged, using a headband. ABP (measured in 
millimeters of mercury) was recorded simultaneously with a 
Cardiocap II. ICP monitoring was performed using an intra-
parenchymal sensor (Codman MicroSensor) or a ventricular 
catheter. Both ABP and ICP transducers were zeroed at the 
level of the foramen of Monro in order to eliminate their 
hydrostatic differences. All signals were digitized with a 
NI-DAQ Card-6024E analogue/digital converter (A/D), at a 
frequency of 50 Hz, and stored on a laptop computer. The 
signals obtained after A/D conversion had a good signal-to- 
noise ratio resulting from the equipment filtering system; 
therefore, no new digital filtering step was needed.

 Data Processing and Analysis

Each patient’s signals were examined, and a short period 
from each phase (the normotensive and hypertensive phases) 
was chosen for calculation. CONTINE software incorporates 
an automatic CrCP calculation with four methods [8, 9]. In 
this chapter, we use the multiparametric method introduced 
by Varsos et al. [10]:

 

CrCP ABP
CPP

Ra Ca HR
mmHg= -

× × ×( ) +
( )

2 1
2p  

where Ra is the cerebrovascular resistance (calculated as 
eCVR = CPP/FV), Ca is the pulsatile compliance of the cere-
bral arterial bed, and HR is the heart rate. A detailed descrip-
tion of the model can be found elsewhere [10].

Fig. 1 Conceptual difference between (left) “conventional” cerebral 
perfusion pressure (CPP) and (right) “effective” cerebral perfusion 
pressure (CPPeff). ABP arterial blood pressure, CrCP critical closing 

pressure, CvP cerebral venous pressure, CM or eff CPP closing margin 
or “effective” cerebral perfusion pressure, ICP intracranial pressure, 
WT arteriolar wall tension

L. Moraes et al.
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Once CrCP was calculated, WT was estimated in each 
patient as the difference between CrCP and ICP (WT = CrCP 
− ICP). CPPeff (the closing margin) was calculated as the 
difference between ABP and CrCP (CPPeff = ABP − CrCP). 
The data distribution was considered nonparametric because 
the number of patients was small; therefore, all comparisons 
between numerical variables were made using the Wilcoxon 
signed-rank test. Statistical analyses were performed with 
IBM SPSS Statistics version 19 software.

 Results

All values are expressed as median (IQR).
The patients described in this chapter were studied 

between September 2005 and May 2007. Eleven patients 
aged 29 (14) years were studied; nine of them were male. 
The time interval between admission and study was 64 (18) 
hours. The prehospital GCS score was 7 (7) and the admis-
sion GCS score was 7 (2). The admission GCS Motor 
Response score was 4 (4). The Marshall Classification was 
class V in five patients, diffuse injury III in two patients, and 
diffuse injury II in four patients. One patient died in the ICU. 
Table 1 shows the characteristics of each patient, the time 
interval from the moment of trauma until the hypertensive 
challenge, and the status at ICU discharge.

The increase in ABP was 20 (16) mmHg (P < 0.005).
ICP and WT—both parameters being included in the 

CrCP formula—showed different behaviors after the hyper-
tensive challenge: ICP did not show a significant change, 
whereas WT increased significantly. CrCP also increased 
significantly by 25% (IQR 25%). CPP increased from 73 
(17) to 102 (26) mmHg (P < 0.05), and CPPeff increased by 
a lesser amount from 66 (14) to 80 (20) mmHg (P < 0.05). 
The percentage change in WT showed a positive linear cor-
relation (P < 0.003) with the percentage change in eCVR.

Table 2 shows the values of the recorded variables (ABP, 
ICP, and FV) and calculated variables (CPP, eCVR, CrCP, 
CPPeff, and WT), their overall changes, and the statistical 
significance of the changes.

Figure 3 shows boxplots of the different studied variables, 
each in the basal situation and the hypertensive situation.

Table 3 shows the percentage changes in CPP, CPPeff, 
WT, and CrCP.

 Discussion

The cerebral critical closing pressure is the arterial blood 
pressure at which small cerebral vessels close and circulation 
stops [1–3]. It comprises intracranial pressure and wall 

Table 1 Patient characteristics

Patient 
number

Age 
(y) Sex

Marshall 
Classificationa

Time 
from 
trauma 
to study 
(h)

Condition 
at ICU 
discharge

1 16 Male V 61 Alive

2 39 Male V 24 Alive

3 22 Male Diffuse injury 
III

81 Dead

4 17 Male Diffuse injury 
II

84 Alive

5 31 Male V 64 Alive

6 48 Male Diffuse injury 
III

82 Alive

7 19 Female Diffuse injury 
II

59 Alive

8 29 Male V 72 Alive

9 32 Male Diffuse injury 
II

108 Alive

10 32 Male Diffuse injury 
II

46 Alive

11 18 Female V 29 Alive

ICU intensive care unit
aMarshall Classification: diffuse injury II signifies cisterns intact, mid-
line shift ≤5 mm, no high/mixed lesion ≥25 cm3; diffuse injury III sig-
nifies cisterns compressed or absent, midline shift ≤5  mm, no high/
mixed lesion ≥25 cm3; V signifies an evacuated mass lesion

Table 2 Distribution of the different variables: changes generated in 
arterial blood pressure (ABP), three other directly recorded variables 
(intracranial pressure (ICP), cerebral blood flow velocity (FV), and 
“conventional” cerebral perfusion pressure (CPP)), and four calculated 
parameters (estimated cerebrovascular resistance (eCVR), critical clos-
ing pressure (CrCP), “effective” cerebral perfusion pressure (CPPeff), 
and arteriolar wall tension (WT))

Variable
Basal 
conditiona

Hypertensive 
conditiona

Overall 
change

P 
value

ABP 
(mmHg)

91 (17) 115 (22) ↑ 0.003

ICP 
(mmHg)

16 (9) 17 (11) NS 0.44

FV (cm/s) 78 (40) 87 (62) NS 0.40

CPP 
(mmHg)

73 (17) 102 (26) ↑ 0.006

eCVR 
(AU)

0.95 (0.38) 1.12 (0.58) ↑ 0.003

CrCP 
(mmHg)

23 (11) 27 (10) ↑ 0.003

CPPeff 
(mmHg)

66 (14) 80 (20) ↑ 0.008

WT 
(mmHg)

7 (5) 11 (7) ↑ 0.004

AU arbitrary perfusion unit, NS not significant
aThe values are expressed as median (interquartile range)
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tension, and has been studied in different experimental and 
clinical settings. In patients with subarachnoid hemorrhage, 
it has been shown that during vasospasm, CrCP decreases 
both temporarily and spatially, mainly because of a decrease 
in wall tension due to distal vasodilatation (an autoregulatory 
response to vasospasm) [11, 14].

In patients with severe TBI, hypocapnia causes an 
increase in CrCP, which is due to an increase in cerebrovas-
cular resistance [12]. During spontaneous ICP increases 
(plateau waves) [4] or controlled ICP increases (during 
infusion tests) [15, 16], ICH causes an increase in CrCP 
and, simultaneously, decreases the closing margin [17]. 
These changes are due mainly to the ICP increase because 
WT decreases. CrCP decreases in sepsis, maintaining lon-
ger adequate CPPeff, constituting a protective mechanism 
against ischemia [13]. To our knowledge, the changes in 
CrCP and CPPeff during an increase in ABP have not been 
specifically studied so far.

Calculation of the CrCP has been performed with differ-
ent models, but some of them yield negative values, making 

a physiological explanation impossible [9, 18]. The model 
we used in this paper, introduced by Varsos et al. [10], shows 
a good correlation with the first harmonic method of CrCP 
calculation and has the added advantage that it does not yield 
negative values [8]. In its calculation, this multiparameter 
model includes the time constant (Tau) of the cerebral circu-
lation. The tau concept, a product of cerebrovascular compli-
ance and resistance (“CVR × Ca” in the CrCP Varsos model 
equation displayed above), is derived from the electrical cir-
cuits. It estimates how fast the blood entering the brain fills 
the arterial vascular sector. Its thorough calculation is shown 
elsewhere [19, 20].

In this study, we found that ICP did not change signifi-
cantly. WT (calculated as CrCP − ICP) increased. Why did 
ICP not change if the arteriolar vessel tone did increase, 
probably causing a decrease in cerebral blood volume? We 
hypothesize that this was because the basal ICP was not high 
in most of the patients; therefore, their compliance (flow–
volume) curves were probably working in their horizontal 
segment, where decreases in cerebral blood volume do not 
elicit significant decreases in ICP.

We also found that the CPPeff change was smaller than 
the CPP change. This was in accordance with our hypothe-
sis. It has been suggested that the “closing margin” [4, 5], or 
CPPeff [12, 21] (calculated as ABP − CrCP), would estimate 
the real driving pressure gradient for cerebral perfusion and 
provide a more appropriate value of the real perfusion pres-
sure than CPP (ABP − ICP). In our patients, during the basal 
situation, as could be predicted, CPP was higher than CPPeff. 
The hypertensive challenge increased both CPP and CPPeff, 
but the increase in CPPeff was significantly smaller. This 
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Fig. 3 Boxplots showing the median and interquartile range of each 
different variable studied in (1) the basal situation and (2) the hyperten-
sive situation. From left to right: arterial blood pressure (ABP), “con-
ventional” cerebral perfusion pressure (CPP), “effective” cerebral 
perfusion pressure (CPPeff), and cerebral blood flow velocity (FV). In 

the right panel, at a different scale, the following variables are shown, 
from left to right: intracranial pressure (ICP), arteriolar wall tension 
(WT), and critical closing pressure (CrCP). Two asterisks are shown 
when the significance reaches the level of 0.001. NS not significant

Table 3 Changes in “conventional” cerebral perfusion pressure (CPP), 
“effective” cerebral perfusion pressure (CPPeff), arteriolar wall tension 
(WT), and estimated cerebrovascular resistance (eCVR)
Change in variable Percentagea P valueb

Change in CPP 25 (34) 0.01

Change in CPPeff 25 (25)

Change in WT 71 (109) 0.03

Change in eCVR 25 (24)
aThe values are expressed as median (interquartile range)
bWilcoxon signed-rank test
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effect was due principally to the significant increase in CrCP, 
which in turn was due to the increase in small-vessel wall 
tension, secondary to the autoregulatory response.

 Conclusion

A clinician who measures an increase in “conventional” 
cerebral perfusion pressure resulting from an increase in 
arterial blood pressure can be misled by it because the real 
“downstream pressure” (“effective” cerebral perfusion pres-
sure) is not considered.
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 Introduction

Severe traumatic brain injury (TBI) is a leading cause of 
death and disability globally. Severe TBI is defined as a 
Glasgow Coma Scale (GCS) score ≤  8 after resuscitation 
and abnormalities on computed tomography (CT) scanning 
of the brain. Admission to an intensive care unit (ICU) is 
necessary because the patient is in a deep coma and needs 
ventilation and oxygenation support. During the admission, 
further swelling can cause secondary damage to recovering 
or healthy brain tissue because of a low cerebral perfusion 
state and subsequent ischaemia. To monitor the intracranial 
volume (ICV), international guidelines recommend continu-
ous invasive monitoring of intracranial pressure (ICP) [1]. 
Intracranial hypertension indicates that the total ICV is 
increasing. The skull volume consists of brain tissue, cere-
brospinal fluid (CSF), venous blood and arterial blood. In 
healthy brains, the total volume and flow are kept constant by 
(limited) compensatory mechanisms such as CSF and venous 
blood displacements, and by active cerebral autoregulation. 
This is known as the Monro–Kellie doctrine and is based on 
the fact that the rigid skull prevents an unlimited rise in the 
ICV [2]. In severe TBI with brain swelling, compensatory 
mechanisms are easily exhausted, which leads to a further 

rise in ICV and a detrimental cascade of a decrease in arterial 
blood, leading to tissue hypoxia and, finally, neuronal cell 
death. Clinical protocols are commonly used to control ICP 
and to guarantee adequate cerebral perfusion pressure (CPP; 
defined as mean arterial pressure (MAP) minus ICP) [3]. To 
date, no robust alternatives to reliable and continuous ICV 
measurements, other than invasive ICP monitoring, are avail-
able. Trauma protocols recommend that patients with severe 
TBI receive CT scanning of the brain at the time of hospital 
admission. This is a quick and accessible way to provide an 
impression of the brain condition and the need for neurosur-
gical intervention. It can show cerebral oedema, a midline 
shift, haematomas, contusions and skull fractures. 
Radiologists are often asked whether (indirect) signs of 
increased brain swelling are present that might warrant 
intensification of ICP treatment, especially in combination 
with rising trends in absolute ICP levels. Detailed cerebral 
CT segmentations could potentially monitor the dynamics of 
the contused brain more closely. The ratio between the CSF 
volume and the ICV has previously been introduced to allow 
inter-individual comparisons [4]. However, manual segmen-
tation is very time consuming. Therefore, we explored calcu-
lation of this ratio using automated CT segmentation with 
very limited manual input.
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In this pilot study, the clinical feasibility of using a semi- 
automated CT segmentation algorithm was investigated in 
patients with severe TBI and related to the current golden 
standard in skull volume measurements: invasively mea-
sured ICP. We hypothesized that volumetric CT measures are 
associated with ICP.

 Materials and Methods

 Patients and Data Acquisition

This study was conducted in a single academic hospital dur-
ing the period between April 2017 and May 2019. Brain 
monitoring metrics and clinical and diagnostic data were 
collected from adult patients with severe TBI. The study was 
approved by the local medical ethics committee, and 
informed consent was obtained by proxy. All patients were 
sedated, intubated and mechanically ventilated. An intrapa-
renchymal ICP sensor (Codman or Raumedic) was placed, 
and the patients were connected to a research laptop with 
Intensive Care Monitoring (ICM+®) software, which col-
lected high-frequency (>100-Hz) data (e.g., ICP, blood pres-

sure and temperature) from Philips bedside monitors. The 
moment of ICP sensor placement was not standardized and 
was thus dependent on clinical or operative indications. All 
physiological data were extracted from the ICM+® software, 
down-sampled to 1-min values and, for the purpose of this 
study, averaged over 24-h periods from the start of ICM+® 
monitoring. The first subsequent 24  h of monitoring were 
considered to be day 1 values. These values were compared 
with the values calculated from the admission CT scan (CT1). 
The average time between CT1 and the start of ICM + ® data 
collection was 16 (range 3–62) h. Values in patients moni-
tored for <24 h were averaged over the available hours (n = 3, 
minimum time 12 h).

 CT Volumetry

CT1 values were used for the analysis. The CT acquisitions 
were obtained in DICOM file format. CT acquisitions with a 
slice thickness of 5 mm were used for optimal signal-to- noise 
properties. Brain volumes were segmented using a semi-auto-
mated algorithm (Fig. 1), based on the fast marching method 
of region growing in the Matlab programming language 

a b c

d e

Fig. 1 Semi-automated procedure for tissue segmentation of com-
puted tomography (CT) images. (a) Original transverse CT slice. (b) 
Identification of the skull on the basis of signal thresholding. (c) The 

resulting segmentation of intracranial volume after region growing. (d) 
Manual input (crosshairs) identifying the cerebrospinal fluid (CSF). (e) 
The resulting segmentation of CSF
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(MathWorks, Natick, MA, USA), through which the volume 
of the CSF and the ICV are estimated slice by slice [5]. 
Manual input (by IHvdW) was needed to identify the most 
caudal and the most rostral slices (to establish the spatial 
range) and a slice at the lateral ventricle level, in which CSF 
was identified through selection of 5–50 voxels. Segmentation 
of the tissue was based on distinct Hounsfield unit values in 
the parenchyma, CSF and bone. In the case of skull defects 
(e.g., craniectomy), manual input was required to close the 
skull. In a final manual quality-control step, slices with arte-
facts were excluded. The total ICV volume and CSF volume 
were retrieved using the algorithm through addition of vol-
umes per slice and calculation of the CSF/ICV ratio (expressed 
as a percentage) by division of the total CSF volume by the 
total ICV volume × 100 (Fig. 1). To limit intra-observer vari-
ability, a single rater (IHvdW) performed the CSF/ICV ratio 
determination three times per CT scan in all patients. The 
intraclass correlation coefficient (ICC) was 0.98 (95% confi-
dence interval 0.97–.99), indicative of excellent intra-rater 
agreement. The validity of the method has previously been 
demonstrated by showing that semi- automated segmentation 
yields CSF/ICV ratios very similar to those obtained through 
manual segmentation by two independent raters (percentage 
point difference in CSF/ICV calculation ≤5%) [6].

 Data Analysis

The relationship between the CSF/ICV ratio and ICP was 
assessed using nonparametric Spearman’s correlation. 
Calculations were performed with independent data, i.e., one 
data point per patient for CT1 and the mean ICP on day 1 of 
the data collection. Furthermore, in an explanatory assess-
ment, the relationship between ICP and CSF/ICV was evalu-
ated using a mono-exponential function derived from an 
animal experimental study in which the intracranial volume–
pressure relationship was obtained with volume infusions in 
animals with ICP monitors [7]:

 ICP ICP ecq
E CSF ICV� � �� �� �1 1 / C (1)

where ICPcq is a constant equal to the ICP at the equilibrium 
point (that is, the normal physiological steady state ICP), E1 
is the elastance coefficient (a constant defining the slope of 
the volume–pressure curve) and C is a constant defining the 
intercept. In this formula, CSF/ICV is the estimate of the 
intracranial volume and ICP equals the measured invasive 
ICP. For evaluation of the different models, the squared norm 
of the residual (resnorm) was compared. No calculation of 
the required effect size or power analysis was performed in 
this exploratory study. The data were analysed using IBM 
SPSS Statistics version 25 and Matlab software.

 Results

Patient characteristics are shown in Table  1. Thirty-three 
patient data sets were available. The median brain monitor-
ing time per patient was 53 (range 12–293) h. An overview 
of the population-averaged physiological parameters and 
CSF/ICV ratios is shown in Table 2.

 Relationship Between the CSF/ICV Ratio 
and Invasive ICP on the Admission CT Scan

A significant correlation between the CSF/ICV ratio and ICP 
was found (r  =  −0.44, p  =  0.01) (Fig.  2). The mono- 
exponential function provided a better fit of the relationship 
between ICP and the CSF/ICV ratio than the linear model 

Table 1 Patient characteristics (N = 33)
Variable Value
Female/male ratio [n/n] 8/25

Median age [years (range)] 43.4 (18–91)

Mechanism of injury [n (%)]

  Traffic accident 17 (51.5)

  Fall 15 (45.5)

  Other 1 (3.0)

Median GCS score at admission (range) 7 (3–14)

Mortality [n (%)] 10 (30.3)

GOS score at 6 months [n (%)]a

  1 10 (30.3)

  2 0 (0.0)

  3 3 (9.1)

  4 4 (12.1)

  5 7 (21.2)

Pupil reactivity [n (%)]

  Unreactive 3 (9.1)

  Unilaterally reactive 3 (9.1)

  Bilaterally reactive 27 (81.8)

Marshall Classification [n (%)]

  I 2 (6.1)

  II 22 (66.7)

  III 3 (9.1)

  IV 1 (3.0)

  V: Evacuated mass lesion 5 (15.2)

CT computed tomography, GCS Glasgow Coma Scale, GOS Glasgow 
Outcome Scale
aValues from 9 patients re-admitted to intensive care within the relevant 
6-month period are omitted
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(resnorm 1156 vs. 1173), with the following estimates: 
ICPcq = 12.2 mmHg, E1 = 0.113 and C = 3.5.

 Discussion

The aim of this pilot study was to test the feasibility of using 
a semi-automated CT segmentation algorithm for volume 
estimation in severe TBI. ICP is significantly associated with 
the CSF/ICV ratio and best described by a mono-exponential 
function published previously by Avezaat et al. [7]. In com-
parison with controlled experimental settings, our patients 
with TBI were treated in accordance with a protocol recom-
mending that ICP be kept at <20 mmHg, limiting our analy-
sis to a small span of ICP values (Fig.  2). Our method 
provides a clear advantage over the classical manual seg-
mentation methods and reduces the manual labour from 
hours to a few minutes per patient.

The literature on brain CT volumetric segmentation is 
very limited. In a study by Pappu et al. [4], 45 brain CT scans 
from 20 patients with severe TBI were selected. A similar 
negative correlation between the CSF/ICV ratio and ICP was 
found [4]. However, those values were not obtained indepen-
dently (more scans per patient were used in the analysis). 
The authors discussed a cut-off value of 3.5% for the  CSF/
ICV ratio. Ratios higher than this cut-off were considered to 
have ‘normal’ ICP values, whereas no definite conclusion 
regarding ICP could be made with ratios lower than 3.5%. In 
our study, we were not able to define a cut-off point, proba-
bly because we had only a relatively small variety of ICP 
values available. Jain et  al. [9] proposed automated image 
analysis to quantify the extent of intracranial abnormalities. 
Their method focused on detecting the volumes of intracra-
nial lesions and the presence of basal cisterns and a midline 
shift [9], but relationships with ICP measurements and CSF/
ICV ratios were not reported. Prior patient and animal exper-
imental studies have studied the well-cited cerebral volume–
pressure curve, which is best described by a mono-exponential 
function [7, 10, 11]. In our study, the mono-exponential 
function provided a better fit of the relationship between ICP 
and the CSF/ICV ratio than a linear model.

Our study had the limitations of being a retrospective 
study in a clinical setting. The variations in the timing between 
the admission CT scan and the start of the neuromonitoring 
data collection must have had an effect on the data that were 
collected. We tried to limit this influence by averaging the 
ICP values over a longer time period. Furthermore, individual 
patient variability has not yet been considered, although it is 
already known that age (i.e., brain atrophy) and clinical out-
come influence the CSF/ICV ratio. Despite that, use of the 
presented algorithm as a clinical tool is feasible. It needs fur-
ther testing in larger and more diverse patient data sets. 
Furthermore, segmentation features that include more tissue 
types (e.g., bleeding or contusions) and a further reduction in 
the manual input that the algorithm requires could be great 
improvements. Potentially, machine learning methods could 
be implemented in the future. Lastly, patients who subse-
quently develop traumatic hydrocephalus are currently 
assigned a higher (and more favourable) CSF/ICV ratio but 
have corresponding intracranial hypertension, manifested by 
ICP. Although hydrocephalus is found in approximately 20% 
of patients with severe TBI [12], only two patients in our 
population developed hydrocephalus at a later stage of their 
admission; therefore, those events did not affect the data pre-
sented here. In future studies, however, such events could 
cause a discrepancy in data interpretation; thus, it must be 
considered in order to exclude patients with different kinds of 
hydrocephalus from CT volumetry methods.

Semi-automated CT volumetry can be used in future stud-
ies to develop more objective criteria to guide indications for 
continuous invasive ICP monitoring in neuro-intensive care 
patients, especially when volumetry indexes are tracked over 

Table 2 Mean physiological parameters and the cerebrospinal fluid/
intracranial volume (CSF/ICV) ratio on day 1 of data collection from 33 
patients
Parameter Mean value (standard deviation)
CSF/ICV ratio [%] 6.3 (4.3)

Intracranial pressure [mmHg] 11.0 (6.6)

24-h TIL score 7.7 (2.5)

Arterial blood pressure [mmHg] 80.9 (8.6)

Heart rate [beats/min] 74.0 (18.3)

TIL score Therapy Intensity Level score (see Zuercher et al. [8])
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time. In addition, it could be an (objective) indicator of brain 
swelling in situations where contra-indications for placing 
an ICP monitor exist, such as a high risk of (intracranial) 
bleeding, hepatic encephalopathy or meningo-encephalitis. 
It could also be used to objectively quantify the effects of 
intracranial hypertension therapies.

 Conclusion

Semi-automated CT volumetric measures correlate with ICP 
in patients with severe TBI.  This proof-of-principle study 
demonstrates the feasibility of this approach in a clinical set-
ting, but validation in larger and different data sets is needed. 
This non-invasive method could be used in the future to 
monitor patients who are not candidates for invasive moni-
toring or to evaluate therapy effects objectively.
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 Introduction

The mean flow velocity (FVm) in the cerebral arteries is a 
key parameter in transcranial Doppler (TCD) ultrasonogra-
phy. Many TCD devices calculate FVm using the systolic 
flow velocity (FVs) and diastolic flow velocity (FVd) with 
the traditional formula FVmcalc = (FVs + 2 × FVd)/3 [1]. This 
assumes a specific linear relationship between all compo-
nents. FVm can be calculated more accurately as the time 
integral of the current flow velocities divided by the integra-
tion period (FVmreal) [2, 3].

 Materials and Methods

We retrospectively reviewed flow velocity (FV) and intra-
cranial pressure (ICP) signals collected with TCD ultraso-
nography and intraparenchymal ICP monitors. The data 
were gathered from 14 patients with a traumatic brain injury 
(TBI) over the duration of their admission to the 
Neurosciences Critical Care Unit (NCCU) at Addenbrooke’s 
Hospital (Cambridge, UK). We performed all analyses using 
ICM+ (Cambridge Enterprise, Cambridge, UK; http://www.
neurosurg.cam.ac.uk/icmplus) and R software. All record-
ings contained plateau waves (transient intracranial hyper-
tension), which resulted in a significant difference in ICP 
(mean ± standard deviation (SD) 25.3 ± 5.9 mmHg) between 
the baseline and plateau phases. Differences in the FVmcalc 
and FVmreal indices and the derivative pulsatility index (PI) 
were also assessed.
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 Results

During measurements, the averages of FVmcalc and FVmreal 
differed significantly (P < 0.05), and the mean ± SD of the 
absolute value of this difference was 6.1 ± 2.7 cm/s (Fig. 1). 
During plateau waves, when ICP rose, the error significantly 
increased from the baseline to the plateau (from 4.6 ± 2.4 to 
9.8 ± 4.9 cm/s, P < 0.05) (Fig. 2a). Similarly, the error in PI 

calculated with FVmcalc also increased during plateau waves 
(from 0.11 ± 0.07 to 0.44 ± 0.24, P < 0.005) (Fig. 2b). In 
many cases, there appeared to be a strong correlation between 
ICP and the errors (Fig. 3).

 Discussion

During plateau waves, with increasing ICP, errors in the esti-
mated FVm and its derivatives also increase. This observa-
tion most likely occurs because the pulse waveform changes, 
thereby altering the FVs–FVd–FVm relationship [4, 5]. An 
example of such as changing relationship is when the heart 
rate changes and the generalization that the heart spends 
twice as much time in diastole as it does in systole becomes 
invalid; therefore, the error in the formula will increase [6]. 
However, in this study, we focused on elevation of ICP while 
the heart rate was relatively constant. This leads to the con-
clusion that other physiological or pathophysiological 
changes must happen in the brain that alter the storage of 
blood in the intracranial space, the compliance of the brain, 
the vasoreactivity of the arteries, or some other mechanism 
that leads to a new waveform and consequently a new link 
between FVs, FVd, and FVm. More research is needed to 
identify the driver behind this transformation; until then, if a 
change in the mean ICP is expected, then use of the FVmreal 
formula is recommended.
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 Introduction

Several researchers have attempted to find parameters that 
allow the clinician to assess the risk and outcome of the 
patient after traumatic brain injury (TBI) [1]. A major con-
tributor to unfavourable outcomes is secondary brain dam-
age, which progresses hours and days after TBI [2, 3]. It is 
widely accepted that causes of secondary injury include 
impaired cerebral metabolism, hypoxia and ischaemia [4]. 
Pulmonary complications are common in severe TBI, but 
few studies have investigated the association between lung 
function in terms of brain tissue oxygen tension (PbtO2) and 
the ratio between the partial arterial oxygenation pressure 
(PaO2) and the fraction of inspired oxygen (FiO2) (PF ratio) 
[5–7]. The aim of this study was to investigate the associa-
tion between lung function and brain tissue oxygenation in 
patients with TBI.

 Materials and Methods

This was a single-centre, retrospective cohort study of 70 
patients (20 females and 50 males aged 43 ± 20 years) who 
were admitted to the Neurocritical Care Unit at Addenbrooke’s 
Hospital between October 2014 and December 2017. The 
study was approved by the relevant research ethics commit-
tee (approval number 30REC97/291) for anonymized data 
recording. The patients included in this study were at least 
18  years old, had severe TBI with an admission Glasgow 
Coma Scale (GCS) score of <9 and underwent advanced 
neuromonitoring with invasive intracranial pressure (ICP) 
and PbtO2 data captured using ICM+® brain monitoring soft-
ware (Cambridge Enterprise Ltd., Cambridge, UK). A total 
of 303 simultaneous measurements of the following were 
considered in this work: the partial pressure of carbon diox-
ide in arterial blood (PCO2), PaO2, FiO2, haemoglobin level 
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(Hb), pH level, base excess level (BE), temperature (Temp), 
sodium level, ICP, arterial blood pressure (ABP), cerebral 
perfusion pressure (CPP), autoregulation index (PRx), PbtO2 
and PF ratio.

To study the relationship between the different variables, a 
Pearson correlation analysis was conducted. We employed 
Kruskal–Wallis analysis of variance (ANOVA) for each vari-
able within two groups of measurements: hypoxia 
(PbtO2 < 20 mmHg) and normoxia (PbtO2 ≥ 20 mmHg) to indi-
cate those variables with significant differences between 
hypoxia and normoxia. A multivariable forward step regression 
model was applied to study the independent correlation between 
PbtO2, the PF ratio and PaO2. For this purpose, PbtO2 was con-
sidered as the response variable, while the PF ratio and PaO2 
were employed as predictor variables. We also adjusted for the 
following confounding factors: PCO2, CPP, Temp and Hb.

Finally, we employed generalized estimating equations 
with dichotomized PbtO2 (above or below 20 mmHg: PbtO2 
≥ 20 mmHg or PbtO2 < 20 mmHg) as a response variable 
and a dichotomized PF ratio (greater or smaller than 330: 
PF>330 or PF≤330) as a predictor variable to investigate 
whether a PF ratio of <330 is an independent risk factor for 
brain hypoxia, while adjusting for confounding factors such 
as ICP, age, sex and the GCS score.

 Results

Figure 1 presents the results of correlation analysis between 
all variables, using a colour bar where correlations with sig-
nificant p values (≤0.05) are indicated with letters on the 
plot, as follows:

• W means a significant weak correlation (correlation value 
<0.4).

• M means a significant moderate correlation (0.4 ≤ corre-
lation value <0.7).

• S means a significant strong correlation (0.7 ≤ correlation 
value).

We observed that several variables had significant corre-
lations with each other. For example, PbtO2 had significant 
but weak correlations with PCO2, FiO2, pH, ICP and the PF 
ratio.

Figure 2 displays box plots from ANOVA for those vari-
ables that showed significant differences between hypoxia 
(PbtO2 < 20 mmHg) and normoxia (PbtO2 ≥ 20 mmHg). The 
p value for the ANOVA test is accordingly indicated at the 
top of each plot.

We observed that among all variables we considered, 
only PCO2, FiO2, ICP, CPP and the PF ratio showed sig-
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Fig. 1 Results of correlation analysis of all variables. Correlations are 
identified by the following letters: W means a significant weak correla-
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nificant differences between hypoxia and normoxia. Use 
of each of these variables resulted in accuracy of <60% in 
detection of hypoxia. However, with use of a combination 
of all of these five variables in a support vector machine 
classifier, accuracy of 70% was achieved in detection of 
hypoxia.

After adjustment for PCO2, CPP, Temp and Hb, the 
results of implementing a multivariable forward step 
regression model revealed strong and independent correla-
tions between PbtO2 and the PF ratio, and between PbtO2 
and PaO2, with adjusted p values of <0.001 for both 
correlations.

Figure 3 demonstrates box plots for PbtO2 according to 
four different ranges of PF ratios: PF ≤ 100, 100 < PF ≤ 200, 
200 < PF ≤ 330, and PF > 330. The median PbtO2 value for 
episodes with PF > 330 (median 27.4 mmHg, interquartile 
range (IQR) 20.3–35.1) was significantly greater than those 
for episodes with 200 < PF ≤ 330 (median 24.3 mmHg, IQR 
18.5–30.9), those for episodes with 100 < PF ≤ 200 (median 
20.3 mmHg, IQR 14.6–24.2) and those for episodes with PF 
≤ 100 (median 14.4 mmHg, IQR 6–22.5), with p values of 
<0.03 for all comparisons.

Finally, after adjustment for ICP, age, sex and the GCS 
score, we found that a PF ≤ 330 was indeed an independent 
risk factor for compromised PbtO2, with an adjusted odds 
ratio of 1.94 (95% confidence interval 1.12–3.34) and a 
p value of 0.02.

 Discussion

The pathophysiology of brain tissue oxygenation is compli-
cated and is dependent on several factors, including oxygen 
delivery (cerebral blood flow), arterial oxygen content, oxy-
gen diffusion from the capillary into the mitochondria and 
mitochondrial oxygen consumption, Hb and CPP.  Studies 
have shown that after TBI, patients who will not survive have 
lower PbtO2 values [6–8].

PbtO2 depends on ventilatory parameters and systemic 
oxygenation. There is further evidence showing a strong 
correlation between PbtO2 and FiO2, and a relationship 
between PbtO2 and PaO2 [8–10]. In patients with acute 
respiratory distress syndrome (ARDS), the PF ratio beyond 
24 h, while the patient is on standard ventilator settings, is 
an appropriate tool to ensure correct categorization of 
patients with ARDS by disease severity [6]. Most patients 
with severe TBI normally require mechanical ventilatory 
support, and lung injury very often coexists in head injury 
as a result of polytrauma. In these settings, FiO2 can be 
controlled easily but PaO2 may be variable; therefore, vari-
ations in PaO2 and FiO2—and consequently the PF ratio—
would have an effect on PbtO2 [10]. Indeed, our correlation 
analysis results showed that there was a significant corre-
lation between PbtO2 and the PF ratio, and our indepen-
dent association analysis revealed that the PF ratio was 
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independently correlated with PbtO2 after adjustment for 
confounding factors. As a result, it may be better to imple-
ment the absolute PbtO2 while also considering the PF 
ratio.

 Conclusion

Our results confirm the importance of ventilator management 
and strategies in brain-injured patients in order to optimize 
cerebral oxygenation and prevent secondary brain damage. In 
patients with TBI, lung-protective strategies are often used to 
prevent brain hypoxia, and the PF ratio may reflect the sever-
ity of injury and the possible outcome.
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 Introduction

Traumatic brain injury (TBI) is a common cerebral pathol-
ogy affecting more than 50 million people every year. Acute 
head trauma can be followed by swelling of the brain (sec-
ondary damage), which causes the pressure within the cra-
nial cavity (intracranial pressure (ICP)) to increase, as the 
brain is surrounded by a rigid skull. This rise in ICP can 
cause secondary damage to the brain, partly because it dis-
rupts cerebral perfusion, resulting in ischaemia and hypoxia 
[1]. In a head-injured patient, ICP is a vital quantity to moni-
tor. It not only provides information about secondary dam-
age to the brain but also provides an indication of the 
physiological state of the brain (such as compliance and elas-
tance), and clinical decisions can be made on the basis of the 
ICP level to ensure adequate cerebral perfusion [2]. It is 
common to have ICP above 20 mmHg after head trauma, and 
efforts are made to stabilise it below this level.

It is believed that the clinical outcome of a patient with 
TBI is significantly influenced by his or her mean ICP and 
ICP dose. The ICP dose is defined as the area under the curve 
(AUC) of an ICP–time graph that exceeds a certain threshold 
(20 mmHg in this study); it is considered to be a more infor-
mative parameter than the mean ICP when describing sec-

ondary brain damage, as it describes both the extent and the 
duration of the insult [3].

Commonly, in a critical care unit, ICP is recorded on 
hourly basis even when electronic record systems are used. 
Two methods can be used to report such hourly values: the 
hour-averaged ICP (which is available only when electronic 
record systems are used, as they are configured to return 
these values) and, more often (possibly because of continu-
ing use of paper-based nursing charts), the end-hour 
ICP. The former method averages the ICP over the whole 
hour, while the latter reports a point measurement of the 
mean ICP at the end of each hour. The end-hour ICP is natu-
rally a more practical option when bedside monitoring val-
ues are entered into nursing charts manually [4]. However, 
the significance of under-sampling of the true ICP variabil-
ity with end-hour reporting, which entirely misses an hour’s 
worth of variability in ICP at each reporting time point, has 
not been fully examined. Previously, Zanier et al. compared 
digital hour- averaged ICP measurements with manually 
recorded end- hour ICP measurements, including the num-
ber of episodes of high ICP (HICP, where ICP is above 
20 mmHg) and the percentage of time when HICP was pres-
ent [4]. Our study, on the other hand, investigated the mean 
ICP and ICP dose obtained using hour-averaged ICP and 
digital end-hour ICP (which averages the ICP in the final 
minute of every hour), and thus the difference in predictive 
power for patient mortality.

 Methods

A retrospective data analysis was conducted using high- 
frequency ICP monitoring data. The raw ICP data were 
obtained using ICM+ software (Cambridge Enterprise Ltd., 
Cambridge, UK); they were recorded with digital data trans-
fer or digitised by analogue/digital (A/D) converters 
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(DT9801; Data Translation, Marlboro, MA, USA) and sam-
pled at a frequency of at least 50 Hz [5]. The age, sex, injury 
severity (assessed as the Glasgow Coma Scale (GCS) score) 
and status at discharge (assessed as the Glasgow Outcome 
Scale (GOS) score) were also included for each recording; 
the data were fully anonymised. This study examined the 
ICP data of 1060 patients admitted with TBI to the 
Neurocritical Care Unit (NCCU) at Addenbrooke’s Hospital 
(Cambridge, UK) during the period from 1993 to 2017.

 Data Processing

Using the ‘batch export’ function of ICM+, the end-hour ICP 
and hour-averaged ICP time series for each patient were cre-
ated automatically. Each patient’s mean ICP and ICP dose 
were calculated using both methods; the ICP dose was esti-
mated using the trapezoidal method, which modelled the 
AUC as a series of rectangles and summed up their areas.

 Statistical Analysis

The patients were first dichotomised by mortality (as 244 
patients died), and the average mean ICP and ICP dose of 
each group were calculated. The correlation coefficient (r) 
between the end-hour and hour-averaged mean ICP values 
was then evaluated for each patient, and the average correla-
tion of all patients was obtained. After that, the coefficient of 
determination (r2) between the methods was calculated for 
each patient, and an estimate of the average proportion of the 
variance that was unexplained (i.e. missed) by the end-hour 
values (calculated as 1 − r2) of all patients was thus found. 
With use of a Student’s t test, the mean ICP and ICP dose 
values yielded by both calculation methods were compared 
between the patient group that survived and the group that 
died. In addition, a t test comparing the two methods was 
also performed within each group. The Bland–Altman 
method was used to illustrate the difference between the two 
methods.

 Results

The mean age of the patients was 38  ±  17.2  years (range 
3–89), and 827 of the 1010 patients were male (78.0%). The 
GCS score ranged from 3 to 15, and the GOS score ranged 
from 1 to 5. The average correlation between the end-hour 
and hour-averaged mean ICP values was 0.747, and the aver-
age relative ICP variance missed by end-of-hour measure-
ment was 40.49%. The mean ICP and ICP dose averaged with 
the two calculation methods did not differ significantly. The 
Student’s t test gave similar results, but it also suggested that 
in both calculation methods, the mean ICP and ICP dose val-
ues were significantly higher in the group of patients who 
died. The t test performed on the ICP dose to compare the two 
methods within the group that survived showed that t = 1.82, 
which almost reached significance (p < 0.07). Table 1 lists the 
mean ICP and ICP dose averaged for both patient groups and 
both calculation methods, and the results of the Student’s t 
test. Figure 1 shows Bland–Altman plots for the mean ICP 
and ICP dose. For the mean ICP, the mean difference (shown 
by a solid line) was 0.015 mmHg and the limits of agreement 
(shown by dotted lines) were 1.10 and −1.07. For the ICP 
dose, the mean difference was 21.52 mmHg h and the limits 
of agreement were 102.04 and −59.00.

 Discussion

As expected, both the mean ICP and ICP dose values were 
significantly higher for patients who died than for those who 
survived. In the Bland–Altman plots, the narrower limits of 
agreement for the mean ICP implied less uncertainty and 
hence a more reliable analysis than in the case of ICP dose. 
The mean ICP values calculated using end-hour and hour- 
averaged methods were moderately correlated. Despite that, 
the end-hour method missed a substantial amount (40.49%) 
of the dynamic variability in ICP. Statistically, the relation-
ships with the outcomes of the two methods did not differ 
significantly from each other. This may suggest that the end- 
hour ICP is a suitable method to assess the clinical outcome 
of TBI patients. However, this analysis was performed by 

Table 1 Mean intracranial pressure (ICP) and ICP dose (± standard error) in both patient groups and with both calculation methods, and results 
of the Student’s t test between patient groups

Method. Patient status

Mean ICP ICP dose

Mean (mmHg) t Test value p Value Mean (mmHg h) t Test value p Value
End-hour Died 20.9 ± 0.9 6.92 <1 × 10−10 352 ± 36 5.93 <1 × 10−8

Survived 14.2 ± 0.2 132 ± 9

Hour-averaged Died 20.8 ± 0.9 6.89 <1 × 10−10 335 ± 35 6.18 <1 × 10−8

Survived 14.3 ± 0.2 109 ± 9
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averaging patient measurements so that individual differ-
ences between the methods could be smoothed out. In par-
ticular, the relatively low p value in the t test performed on 
the ICP dose within the group that survived meant that the 
end-hour method was almost significantly different from the 
hour-averaged method. Therefore, the results did not indi-
cate that one can make clinical decisions with confidence on 
the basis of individual end-hour mean ICP or ICP dose mea-
surements during the management of TBI patients.
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 Introduction

External hydrocephalus (EH) has been described extensively 
in the paediatric population [1, 2], but there have been very 
few published reports on it in brain-injured adult patients, 
and this entity is probably not well known and is underesti-
mated. In adults, EH refers to impairment of extra-axial cere-
brospinal fluid (CSF) flow with enlargement of the 
subarachnoid space (SAS) concomitant to raised intracranial 
pressure (ICP) [3, 4] and alteration of CSF dynamics [5] but 
without ventriculomegaly. Occurrence of subarachnoid 
haemorrhage is probably a significant cause of EH.  EH 
should not be confused with a subdural hygroma (Fig.  1), 
which is primarily caused by a vacuum effect on CSF pre-
cipitated by atrophic brain sinking without raised ICP [6]. In 
our practice, we regularly encounter patients with intracra-
nial hypertension and imaging signs of EH. The aim of this 
study was to describe the incidence and consequences of EH 
in an adult population with traumatic brain injury (TBI).

 Materials and Methods

A retrospective analysis was done of TBI patients admitted 
to Cambridge University Hospital (Cambridge, UK) 
between February 2014 and January 2017. The inclusion 
criteria were TBI requiring intensive care unit (ICU) 
admission with ICP monitoring and at least three CT scans 
within the first 21 days. Patients who underwent craniec-
tomy were excluded. An individual SAS assessment was 
performed on each CT scan by two independent investiga-
tors (LG and RM). EH was diagnosed when SAS was 
assessed as being dilated or increased between two succes-
sive CT scans despite a context of intracranial hyperten-
sion. Both investigators had to agree for the diagnosis to be 
definitive. Data on demographics, the global Glasgow 
Coma Scale (GCS) score (especially the motor score (M 
score) component), TBI mechanism (a fall, motor vehicle 
collision, strike or other mechanism) and several CT scan 
severity scores (the Marshall, Helsinki, Stockholm and 
Rotterdam scores) were collected at admission to describe 
the population. The duration of mechanic ventilation, the 
incidence of tracheostomy and the duration of the ICU stay 
were also recorded to assess the impact of EH on the short-
term patient course. We also assessed the long-term conse-
quences of EH with use of the 6-month Glasgow Outcome 
Scale (GOS) and Glasgow Outcome Scale Extended 
(GOS-E) scores. The ICP data were analysed with ICM+ 
software (Cambridge Enterprise, Cambridge, UK). The 
effects of EH on the ICP course after TBI were assessed by 
measurement of the mean ICP in the 48 h before and after 
diagnosis of EH. We also checked the ICP course and sev-
eral markers of brain compliance (the ICP amplitude, pul-
satility, and compensatory reserve index (RAP)). The EH 
group was compared with the non-EH group to assess the 
consequences of development of EH on short- and long-
term TBI evolution.
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 Results

During the study period, 143 patients met the study inclusion 
criteria. Of these, 41 patients were excluded after undergoing 
a craniectomy; thus, 102 patients were included in the final 
analysis, and 31 of them (30.4%) developed EH.

The mean time to development of EH after TBI was 
2.98 ± 2.4 days. The patients in the EH group were slightly 
older than those in the non-EH group. The clinical severity, 
expressed by the global GCS score and its M score compo-
nent, was equivalent in both groups. The Marshall and 
Rotterdam CT scan scores did not differ. The other CT scan 
scores were worse in the EH group. Post-traumatic subarach-
noid haemorrhage plays an important part in the Helsinki 
and Stockholm scores, which explains the significant differ-
ences in these scores between the two groups. Indeed, the 
part of the Stockholm score that describes traumatic sub-
arachnoid haemorrhage (t-SAH) was significantly higher in 
the EH group (Table 1).

In univariate analysis, risk factors for EH development 
were the patient’s age and t-SAH score. In multivariate anal-
ysis, only the t-SAH score remained an independent risk fac-
tor for development of EH after TBI. A Stockholm t-SAH 
CT scan score of ≤2 was protective against EH, with an odds 
ratio 0.285 [0.105; 0.712] p<0.01.
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Table 1 Principal characteristics of patients with and without external 
hydrocephalus (EH) in this study

EH group 
(N = 31)a

Non-EH group 
(N = 71)a

P 
value

Age (years) 51.7 ± 17.2 44.1 ± 18.4 0.048

Female/male ratio 
(n)

5/26 19/52 NS

Global GCS score 8.1 ± 3.4 8.4 ± 4.0 NS

  GCS M score 
component

3.8 ± 1.9 4.0 ± 1.7 NS

Marshall CT scan 
score

3.2 ± 1.5 3.3 ± 1.5 NS

Rotterdam CT scan 
score

3.4 ± 0.9 3.2 ± 1.1 NS

Helsinki CT scan 
score

4.1 ± 3.4 2.9 ± 1.2 0.041

Stockholm CT scan 
score

2.9 ± 1.2 1.5 ± 1.3 <0.001

Stockholm CT 
t-SAH score

3.8 ± 1.5 2.2 ± 1.7 <0.001

CT computed tomography, GCS Glasgow Coma Scale, M score motor 
score, NS nonsignificant, t-SAH traumatic subarachnoid haemorrhage
aThe values are expressed as mean ± standard deviation except for the 
female/male ratio
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The patients in the EH group had a longer duration of 
mechanical ventilation (19.4 versus 12.5 days), were more 
likely to have a tracheostomy (54,8% versus 32,43%) and 
had a longer ICU stay (26.6 versus 18.1 days, P  = 0.002) 
(Table 2). When we considered the survivors, those in the EH 
group had a worse long-term outcome (mean GOS-E score 
4.6 versus 5.9, P = 0.031) and were more likely to have sec-
ondary hydrocephalus requiring management with shunting 
(17.4% versus 1.8%, OR 7.1).

Data for analysis of the ICP course for 48 h before and 
after diagnosis of EH were available for only eight patients. 
In this small EH subgroup, the mean ICP was higher after 
diagnosis of EH (14.7  ±  5.5  mmHg) than before it 
(8.1 ± 1.6 mmHg, P = 0.0018).

 Discussion

In our analysis of SAS volumes after severe TBI, we found 
that 30.4% of EH cases had significant clinical consequences. 
The EH group had a worse course in the ICU (a longer dura-
tion of mechanical ventilation, a longer ICU stay, more CT/
MRI scans and a higher incidence of tracheostomy). The EH 
group also had a worse long-term prognosis, with higher 
incidence rates of ventricular dilatation and secondary 

hydrocephalus requiring a shunt, and a worse GOS-E score 
in survivors.

The incidence of EH in the current series was coherent 
with rates of EH previously observed after aneurysmal 
haemorrhage. Yoshimoto et al. reported that 38% of patients 
with aneurysmal SAH developed EH 8 [8]. Despite its high 
incidence, there is definitely underreporting of this problem 
in the literature and thus in the medical population, which is 
likely a consequence of the difficulty of diagnosing 
EH. Although the CSF in the SAS is not easily visible, par-
ticularly in the cortical sulci, it still represents an important 
volume. A 2-mm increase in the thickness of the CSF layer 
surrounding the brain represents an inflation of the total CSF 
volume of more than 100 mL and may explain difficulties in 
controlling ICP [3, 9]. However, such a 2-mm increase can 
be difficult to diagnose visually; hence, it requires very accu-
rate analysis of CT scans. As a result, in TBI patients with 
raised ICP, abnormal brain compliance or difficulty in wak-
ing up, CT scans must be checked carefully for signs of 
EH. Several signs of EH that may be observed on CT scans 
have been described previously: frontal extra-axial fluid col-
lection, inter-hemispheric CSF accumulation, abnormally 
wide cortical sulci, an abnormally large Sylvian fissure and 
large basal cisterns [3, 4]. While these signs can help the 
physician to recognise EH, its diagnosis may still remain a 
challenging problem. The most helpful approach is to com-
pare consecutive CT scan images in order to detect subtle 
changes in SAS size and particularly changes in CSF thick-
ness in the cortical sulci.

The confusion between EH and hygroma represents an 
additional challenge, which has been emphasised in all pub-
lications on adult EH.  The differentiation is important 
because CSF drainage is the treatment of choice for EH, 
whereas drainage would exacerbate a hygroma. Figure  1 
summarises the differences between EH and hygroma. In 
addition to CT scan considerations, ICP has been proposed 
as a means to differentiate between EH and hygroma after 
TBI. Huh et al. analysed ICP before removing an extra-axial 
collection diagnosed after TBI.  They found higher ICP in 
patients with EH than in those with a subdural hygroma 
(21.7 versus 7.7 mmHg) [6]. In our study, we also observed 
an increase in ICP after development of EH.

We found that the presence and severity of SAH was the 
main risk factor for development of EH after TBI. This find-
ing supports the pathophysiological hypothesis that EH is 
caused by arachnoid villus obstruction due to the presence of 
blood. Depending on the quantity of blood in the subarach-
noid space, and depending on patient factors, EH can take a 
couple of days to develop. In our series, we found that EH 
developed at an interval of about 3 days after TBI. This could 
probably partly explain the secondary increase in ICP we 
observed after day 4, which has previously been described in 
25% of TBI patients [10].

Table 2 Short-term and long-term evolution of patients with and with-
out external hydrocephalus (EH) in this study

EH group 
(N = 31)a

Non-EH group 
(N = 71)a

P 
value

Duration of mechanical 
ventilation (days) 19.4 ± 11.4 12.5 ± 10.8

0.02

Duration of ICU stay 
(days)

26.6 ± 12.9 18.1 ± 13.7 0.008

CT/MRI scanning 
within the first 21 days 
(n)

6.1 ± 2.1 4.7 ± 3.2 0.024

Tracheostomy (n%) 17/54,8 23/32,4% 0.033

Secondary CSF shunt in 
survivors (%)

17.4 1.8 0.018

Secondary ventricular 
dilation (%)

58 14 <0.01

GOS score 3.5 ± 1.3 3.5 ± 1.6 NS

  GOS score in 
survivors

3.9 ± 0.8 4.2 ± 0.9 NS

GOS-E score 4.2 ± 2.1 4.7 ± 2.8 NS

  GOS-E score in 
survivors

4.6 ± 1.8 5.9 ± 2.0 0.0096

CSF cerebrospinal fluid, CT computed tomography, GOS Glasgow 
Outcome Scale, GOS-E Glasgow Outcome Scale Extended, ICU inten-
sive care unit, MRI magnetic resonance imaging, NS nonsignificant
aThe values are expressed as mean ± standard deviation except for those 
expressed as a percentage
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The main limitation of our study was in the visual assess-
ment of SAS size. To increase accuracy, we used a double 
CT scan reading by two investigators. However, to further 
improve accuracy, automated CSF volume calculation may 
be helpful to avoid misdiagnosis or over-diagnosis of EH.

Despite comparable characteristics on admission, the EH 
group definitely had worse short-term and long-term out-
comes. However, EH can be treated easily by CSF drainage 
[3]. Therefore, we propose to carefully check SAS changes 
in patients in whom ICP increases secondarily few days after 
the accident. 

 Conclusion

EH is frequent and has significant clinical consequences. As 
it is difficult to diagnose, we propose to develop automated 
repeated CT scan analyses to help clinicians diagnose EH 
and differentiate it from a subdural hygroma. This is even 
more important, since EH can be treated easily by CSF 
drainage.
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 Introduction

Treatment and management of traumatic brain injury (TBI) 
remains a leading research priority in clinical practice, with 
TBI being a worldwide cause of death and disabilities [1, 2]. 
Although there is a focus on brain-monitoring information 
such as the intracranial pressure (ICP), importance should 
also be given to the interaction between the brain and the 
heart. Previous research in this field has shown the presence 
of bidirectional causality between ICP, the mean arterial 
pressure (MAP) and the heart rate (HR) in a 24-h period 
post-TBI, and has linked this to the mortality rate [3].

This interest in the interaction between the brain’s and the 
heart’s homeostatic processes is, in fact, part of a wide field 
of research that has been developed in the last few years [4]. 
The physiological coupling between the two systems has 
been shown to be an important signal and biomarker for 
pathological and traumatic events [4].

In our previous study of paediatric patients, we observed 
the presence of simultaneous onsets of transient increases in 
ICP and HR, and we related the number of such events to 
patient outcomes [5]. In this chapter, we present an extension 
of that work to an adult cohort from the Collaborative European 
NeuroTrauma Effectiveness Research in TBI (CENTER-TBI) 
study to explore the relationship between cardio-cerebral 
crosstalks (CC) behaviour and patient outcomes.

 Data Set

The data used for the present analysis were collected from a 
subset cohort of the CENTER-TBI study, a consortium 
established in 2011 with the goal of improving classification 
and treatment of patients with TBI [6]. The data were col-
lected in accordance with national or local regulatory ethics 
requirements. The CENTER-TBI study (supported by 
European Commission grant number 602150) was con-
ducted in accordance with European regulations where 
applicable and the relevant regulations in the countries where 
the recruiting sites were based. Among those regulations are 
laws regarding privacy, data protection and human material, 
and guidance documents related to clinical studies (for 
example, the International Council for Harmonisation of 
Technical Requirements for Pharmaceuticals for Human Use 
(ICH) Harmonised Tripartite Guideline for Good Clinical 
Practice (CPMP/ICH/135/95) and the World Medical 
Association’s Declaration of Helsinki, titled ‘Ethical 
Principles for Medical Research Involving Human Subjects’). 
Informed consent was obtained from patients and/or their 
legal representatives/next of kin, in accordance with local 
regulations, for recruitment of all patients into the CENTER- 
TBI core data set and documented in the electronic case 
report form (e-CRF).

As part of the recruitment process, demographic and clin-
ical data were collected prospectively, together with inten-
sive care unit (ICU) monitoring information. ICP data were 
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collected via an intraparenchymal strain gauge probe 
(Codman ICP MicroSensor, Codman & Shurtleff, Raynham, 
MA, USA), a parenchymal fibre-optic pressure sensor 
(Camino ICP Monitor, Integra Life Sciences, Plainsboro, NJ, 
USA; https://www.integralife.com/) or an external ventricu-
lar drain. The signals were recorded through digital data 
transfer or alternatively digitized using an analogue/digital 
(A/D) converter (DT9801, Data Translation, Marlboro, MA, 
USA), where appropriate, sampled at a frequency of 100 Hz 
or higher, using ICM+ software (Cambridge Enterprise Ltd., 
Cambridge, UK; http://icmplus.neurosurg.cam.ac.uk) or a 
Moberg CNS Monitor (Moberg Research, Ambler, PA, 
USA). For the purpose of the present study, 271 patients 
from the CENTER-TBI high-resolution subcohort were 
screened. Only patients without an external ventricular drain 
and with both good-quality data and outcome data available 
at the time of the analysis (N = 226) were included in this 
analysis. ICP and HR waveforms were processed with ICM+ 
software [7]. Demographic data as per version 1.0 were 
retrieved. The outcome variable we considered in the present 
analysis was a binary variable indicating patient mortality.

 Methods

High-resolution waveforms were partially cleaned manually 
to remove larger sections of invalid data, and partially 
cleaned automatically to exclude non-physiological transient 
events such as arterial line–flushing periods. The waveforms 
were then down-sampled to 0.1 Hz by coarse graining using 
a 10-s moving average filter. For each patient, the whole 
monitored period was considered.

We then used our own sliding window approach to detect 
the presence of CC events in the 0.1-Hz time series, as had 
been done in our previous paediatric cohort study [5]. Briefly, 
the algorithm considered 10-min subwindows of observations 
and if simultaneous increases of at least 20% in ICP and HR 
occurred with respect to the minimum ICP and HR values in 
the time windows, then a CC event was detected (Fig. 1).

Since the total length of the recordings varied between 
patients, we normalized the number of CC events per patient 
by dividing it by the total number of data points in the time 
series.

We denominated the normalized CC measure Ct_np. This 
measure was the ratio between the absolute number of obser-
vations and the total length of the time series. For subsequent 
statistical analysis, the patient cohort was split into a mortal-
ity group (patients who died) and a non-mortality group 
(patients who survived) and the normalized counts of CC 
events were compared between the groups. The point biserial 
correlation coefficient [8] between the number of CC events 
and mortality was then computed.

 Results

The analysis included 180 male and 46 female patients. The 
age range was 16–85 (mean 47) years. The raw number of 
CC events detected was, on average, 50 per patient, with a 
large standard deviation of 58. The distribution of the num-
ber of normalized CC events per patient is shown in Fig. 2. 
We then computed the point biserial correlation coefficient 
between the new variable and mortality, obtaining a point 
biserial correlation coefficient of −0.13. A box plot chart of 
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Fig. 1 Presence of cardio-cerebral crosstalk events (highlighted with a 
blue square) in 10-min observations of the heart rate (HR; measured in 
beats/min (bpm)) and intracranial pressure (ICP; measured in mmHg) 
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mortality with respect to the distribution of the number of 
normalized CC events is shown in Fig. 3.

The median value of Ct_np in the case of mortality was 
0.064, while in the case of non-mortality it corresponded to 
0.11, as shown in the figure. Moreover, in Fig. 3, we can also 
see the resulting p value from the Welch two-sample t test 
between the two vectors of Ct_np (in the cases of mortality 
and non-mortality). The Welch two-sample t test was chosen 
because of its greater reliability with unequal sample sizes. 
The test returned a significant p value of 0.03, therefore 
exhibiting a significant difference between the Ct_np distri-
butions in the cases of mortality and non-mortality. This 
finding was interesting, as it confirmed our previous findings 
in the paediatric cohort [5]. At the same time, it showed 
slightly different behaviour. In fact, although the correlation 
was slightly weaker than that observed in the paediatric 
cohort (in which the point biserial correlation coefficient 
value was −0.30), the negative sign of the correlation was 
replicated.

 Discussion and Conclusion

In this work, we have presented a computational workflow in 
which we first computed the presence of events of simultane-
ous increases in ICP and HR, and then we related this phe-
nomenon to mortality in patients with TBI. The quantification 
of the number of CC events was pursued using the sliding 
window algorithm proposed by Dimitri et  al. [5]. Here, 

simultaneous subwindows of 10-min observations of ICP 
and HR were considered and a CC was detected if increases 
of at least 20% in ICP and HR occurred with respect to the 
minimum ICP and HR values in the time windows. The val-
ues of 10 min and a 20% increase were retained in this work 
so that it would be comparable with our previous paediatric 
study.

We are aware that identification of only such events of 
simultaneous increases may be a limitation of the present 
study. However, we leave to future work the investigation of 
different time window sizes in which such CC events may be 
detected. Analysis of the CC vectors for the cases of  mortality 
and non-mortality also yielded interesting results. First of 
all, from the Welch two-sample t test, a significant p value of 
0.03 was detected, showing a significant difference between 
the two cases of mortality and non-mortality when CC distri-
butions were considered. No significant difference in the 
number of CC events between sexes was found. The CC 
events were then related to patient mortality, and we detected 
consistency with the results previously obtained in the paedi-
atric cohort. The negative direction of the correlation between 
mortality and the number of CC events was retained between 
the two cohorts. However, the adult cohort from the 
CENTER-TBI study presented a lower correlation value 
(−0.13) than that observed in the paediatric cohort (−0.30). 
In both cases, however, the more CC events occurred, the 
better the patient outcome was. This is an interesting finding, 
as it sheds more light on healthy cardiovascular interactions 
between the brain and the heart [5]. This study could be 
enriched along many different paths; these represent limita-
tions of the study and future directions for the work pre-
sented. The parameters of the sliding window algorithm 
could be varied according to different clinical hypothesis to 
be tested—for example, the size of the time windows consid-
ered in the sliding window algorithm, as well as the percent-
age increase with respect to the minimum ICP and HR values 
in the time windows. Moreover, more variables (such as the 
mean ICP, cerebral autoregulation, Glasgow Coma Scale 
score and age) could be included in multivariate modelling 
of the system.

Acknowledgments This study was supported by a European Union 
Seventh Framework Program grant (number 602150) for the 
Collaborative European NeuroTrauma Effectiveness Research in 
Traumatic Brain Injury (CENTER-TBI) study.

CENTER-TBI High Resolution (HR ICU) Substudy Participants and 
Investigators: Audny Anke1, Ronny Beer2, Bo-Michael Bellander3, 
Andras Buki5, Manuel Cabeleira6, Marco Carbonara7, Arturo 
Chieregato4, Giuseppe Citerio8,9, Endre Czeiter10, Bart Depreitere11, 
Shirin Frisvold13, Raimund Helbok2, Stefan Jankowski14, Danile 
Kondziella15, Lars-Owe Koskinen16, Ana Kowark17, David K. Menon12, 
Geert Meyfroidt18, Kirsten Moeller19, David Nelson3, Anna Piippo-
Karjalainen20, Andreea Radoi21, Arminas Ragauskas22, Rahul Raj20, 
Jonathan Rhodes23, Saulius Rocka22, Rolf Rossaint17, Juan Sahuquillo21, 

1.0

0.8

0.6

0.4

0.2

0.0

0 1
Survived vs Dead

C
t_

np

Boxplot Brain–Heart Crosstalks vs Mortality Adults

t. test, p value = 0.03

Fig. 3 Box plot showing the distribution of cardio-cerebral crosstalk 
events and mortality in the cohort analysed. The box plot shows a larger 
number of crosstalk events in the survivors. The Welch two-sample t 
test of the two vectors of crosstalk events in the two groups of dead and 
surviving patients yielded a significant p value of 0.03

Analysis of Cardio-Cerebral Crosstalk Events in an Adult Cohort from the CENTER-TBI Study

https://www.ncbi.nlm.nih.gov/pubmed/?term=Cabeleira M[Author]&cauthor=true&cauthor_uid=30384809
https://www.ncbi.nlm.nih.gov/pubmed/?term=Carbonara M[Author]&cauthor=true&cauthor_uid=30384809


42

Oliver Sakowitz24,25, Nino Stocchetti26, Nina Sundström27, Riikka 
Takala28, Tomas Tamosuitis29, Olli Tenovuo30, Peter Vajkoczy31, Alessia 
Vargiolu8, Rimantas Vilcinis32, Stefan Wolf33, Alexander Younsi25, 
Frederick A. Zeiler12,34

1Department of Physical Medicine and Rehabilitation, University 
Hospital Northern Norway, Tromso, Norway
2Department of Neurology, Neurological Intensive Care Unit, Medical 
University of Innsbruck, Innsbruck, Austria
3Department of Neurosurgery & Anesthesia & Intensive Care Medicine, 
Karolinska University Hospital, Stockholm, Sweden
4NeuroIntensive Care, Niguarda Hospital, Milan, Italy
5Department of Neurosurgery, Medical School, University of Pécs; and 
Neurotrauma Research Group, János Szentágothai Research Centre, 
University of Pécs, Pécs, Hungary
6Brain Physics Lab, Division of Neurosurgery, Dept of Clinical 
Neurosciences, University of Cambridge, Addenbrooke’s Hospital, 
Cambridge, UK
7Neuro ICU, Fondazione IRCCS Cà Granda Ospedale Maggiore 
Policlinico, Milan, Italy
8NeuroIntensive Care Unit, Department of Anesthesia & Intensive 
Care, ASST di Monza, Monza, Italy
9School of Medicine and Surgery, Università Milano Bicocca, Milano, 
Italy
10Department of Neurosurgery, University of Pécs; MTA-PTE Clinical 
Neuroscience MR Research Group and János Szentágothai Research 
Centre, University of Pécs; and Hungarian Brain Research Program 
(grant number KTIA 13 NAP-A-II/8), Pécs, Hungary
11Department of Neurosurgery, University Hospitals Leuven, Leuven, 
Belgium
12Division of Anaesthesia, University of Cambridge, Addenbrooke’s 
Hospital, Cambridge, UK
13Department of Anesthesiology and Intensive Care, University Hospital 
Northern Norway, Tromso, Norway
14Neurointensive Care, Sheffield Teaching Hospitals NHS Foundation 
Trust, Sheffield, UK
15Departments of Neurology, Clinical Neurophysiology and 
Neuroanesthesiology, Region Hovedstaden Rigshospitalet, 
Copenhagen, Denmark
16Department of Clinical Neuroscience, Neurosurgery, Umeå 
University, Umeå, Sweden
17Department of Anaesthesiology, University Hospital of Aachen, 
Aachen, Germany
18Intensive Care Medicine, University Hospitals Leuven, Leuven, 
Belgium
19Department of Neuroanesthesiology, Region Hovedstaden 
Rigshospitalet, Copenhagen, Denmark
20Helsinki University Central Hospital, Helsinki, Finland
21Department of Neurosurgery, Vall d’Hebron University Hospital, 
Barcelona, Spain
22Department of Neurosurgery, Kaunas University of Technology and 
Vilnius University, Vilnius, Lithuania
23Department of Anaesthesia, Critical Care & Pain Medicine, NHS 
Lothian & University of Edinburgh, Edinburgh, UK
24Klinik für Neurochirurgie, Klinikum Ludwigsburg, Ludwigsburg, 
Germany
25Department of Neurosurgery, University Hospital Heidelberg, 
Heidelberg, Germany

26Department of Pathophysiology and Transplantation, Milan 
University; and Neuroscience ICU, Fondazione IRCCS Cà Granda 
Ospedale Maggiore Policlinico, Milano, Italy
27Department of Radiation Sciences, Biomedical Engineering, Umeå 
University, Umeå, Sweden
28Perioperative Services, Intensive Care Medicine and Pain 
Management, Turku University Central Hospital and University of 
Turku, Turku, Finland
29Neuro-intensive Care Unit, Kaunas University of Health Sciences, 
Kaunas, Lithuania
30Rehabilitation and Brain Trauma, Turku University Central Hospital 
and University of Turku, Turku, Finland
31Neurologie, Neurochirurgie und Psychiatrie, Charité  – 
Universitätsmedizin Berlin, Berlin, Germany
32Department of Neurosurgery, Kaunas University of Health Sciences, 
Kaunas, Lithuania
33Department of Neurosurgery, Charité  – Universitätsmedizin Berlin; 
corporate member of Freie Universität Berlin; Humboldt- Universität zu 
Berlin; and Berlin Institute of Health, Berlin, Germany
34Section of Neurosurgery, Department of Surgery, Rady Faculty of 
Health Sciences, University of Manitoba, Winnipeg, MB, Canada

References

 1. Czosnyka M, Pickard JD (2004) Monitoring and interpreta-
tion of intracranial pressure. J Neurol Neurosurg Psychiatry 
75(6):813–821

 2. Hu X, Xu P, Scalzo F, Vespa P, Bergsneider M (2009) Morphological 
clustering and analysis of continuous intracranial pressure. IEEE 
Trans Biomed Eng 56(3):696–705

 3. Gao L, Smielewski P, Czosnyka M, Ercole A (2017) Early asym-
metric cardio-cerebral causality and outcome after severe traumatic 
brain injury. J Neurotrauma 34(19):2743–2752

 4. Valenza G, Toschi N, Barbieri R (2016) Uncovering brain–
heart information through advanced signal and image process-
ing. Phil Trans R Soc A 374:20160020. https://doi.org/10.1098/
rsta.2016.0020

 5. Dimitri GM, Agrawal S, Young A, Donnelly J, Liu X, Smielewski P, 
Hutchinson P, Czosnyka M, Lio’ P, Haubrich C (2018) Simultaneous 
transients of intracranial pressure and heart rate in traumatic brain 
injury: methods of analysis. In: Heldt T (ed) Intracranial pressure & 
neuromonitoring XVI. Springer, Cham, pp 147–151

 6. Maas AI, Menon DK, Steyerberg EW, Citerio G, Lecky F, Manley 
GT, Hill S, Legrand V, Sorgner A (2014) Collaborative European 
Neurotrauma Effectiveness Research in Traumatic Brain Injury 
(CENTER-TBI): a prospective longitudinal observational study. 
Neurosurgery 76(1):67–80

 7. Smielewski P, Czosnyka M, Steiner L, Belestri M, Piechnik S, 
Pickard JD (2005) ICM+: software for on-line analysis of bedside 
monitoring data after severe head trauma. In: Poon WS, Avezaat 
CJJ, Chan M, Czosnyka M, Goh K, Hutchinson PJA, Katayama 
Y, Lam JMK, Marmarou A, Ng SCP, Pickard JD (eds) Intracranial 
pressure and brain monitoring XII. Springer, Vienna, pp. 43–49

 8. Linacre J, Rasch G (2008) The expected value of a point–biserial (or 
similar) correlation. Rasch MeasureTrans 22(1):1154

G. M. Dimitri et al.

https://www.ncbi.nlm.nih.gov/pubmed/?term=Stocchetti N[Author]&cauthor=true&cauthor_uid=30384809
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zeiler FA[Author]&cauthor=true&cauthor_uid=30384809
https://doi.org/10.1098/rsta.2016.0020
https://doi.org/10.1098/rsta.2016.0020


43B. Depreitere et al. (eds.), Intracranial Pressure and Neuromonitoring XVII, Acta Neurochirurgica Supplement 131,
https://doi.org/10.1007/978-3-030-59436-7_10, © Springer Nature Switzerland AG 2021

 Introduction

Intracranial pressure (ICP) is a reference pressure for cere-
bral blood flow (CBF). It is well documented that elevated 
ICP (>20 mmHg) after TBI increases the risk of a worse out-
come independently of low cerebral perfusion pressure 
(CPP) or the severity of the primary injury [1]. However, the 
outcome cannot be predicted on the basis of ICP alone. It has 
been shown that the impact of the insults from intracranial 
hypertension depends heavily on other factors, including 
CPP and the state of hemodynamic homeostasis [2]. These 
mechanisms work to protect the brain against the secondary 
brain damage brought about by pathological processes 
unfolding during the first few days following acute brain 
trauma that could lead to severe brain swelling. It is now 
widely accepted in the neurocritical care community that 

routine measurement of ICP should, if possible, be aug-
mented by other modalities reflecting CBF, such as the cere-
bral oxygen partial tension (PbtO2) or the velocity of blood 
in the arteries comprising the circle of Willis (using transcra-
nial Doppler ultrasound (TCD)). With appropriate software 
tools, these modalities can also provide clinicians with fur-
ther information about the state of the cerebrovascular sys-
tem, from either cerebrovascular impedance or the critical 
closing pressure (CrCP), the latter providing indications of 
arterial blood pressure ischemic thresholds [3]. Individually, 
these various indices of cerebral hemodynamics have been 
previously studied in a population of TBI patients, with well- 
established associations with outcome [4]. What is missing 
is a more conceptual picture of what happens to those indices 
when ICP is significantly elevated. Therefore, this study 
examined the effects of intracranial hypertension on cerebral 
autoregulation and on other cerebrovascular properties in 
patients with TBI by comparing two distinctive groups of 
patients: one group with significantly elevated ICP and 
another group with normal ICP. It aimed to provide a clear 
description of the differences in the physiology/pathophysi-
ology of cerebral hemodynamics in those two groups and 
their resulting consequences for patient outcome.

 Materials and Methods

For this analysis, we used a data set acquired from patients 
with severe TBI monitored in the Neurosciences Critical 
Care Unit (NCCU) at Addenbrooke’s Hospital, Cambridge, 
UK (N = 1023), with continuous recordings of ICP and arte-
rial blood pressure (ABP). From this data set of over 1000 
patients, we selected 517 patients with, on average, elevated 
ICP (>23 mmHg) or normal ICP (<15 mmHg). The value of 
23 mmHg is a critical level of ICP from the standpoint of 
differentiation between survival and mortality, whereas 
15 mmHg is a consensus-accepted threshold for normal ICP.
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All patients were sedated with a mixture of propofol, 
fentanyl, and midazolam, and mechanically ventilated. 
Seventy- five percent of patients presented with an admis-
sion Glasgow Coma Scale (GCS) score of <9 and were 
treated with a graded management protocol aiming to keep 
CPP above 60–70  mmHg and ICP at <20  mmHg. Six-
month Glasgow Outcome Scale (GOS) data were collected 
for all of these patients. ABP was monitored invasively 
from the radial artery via pressure monitoring kits (Baxter 
Healthcare, Deerfield, IL, USA). ICP was monitored with 
invasive intraparenchymal probes equipped with strain 
gauge sensors (Codman & Shurtleff, Raynham, MA, USA, 
or Camino Laboratories, San Diego, CA, USA) inserted 
predominantly into the right frontal lobe. A subpopulation 
of patients (n  =  109) had PbtO2 monitoring via invasive 
parenchymal monitoring, typically placed in the right fron-
tal lobe. These monitors were co-inserted with ICP moni-
tors via a bolt. PbtO2 monitoring was conducted with a 
Licox probe (Licox Brain Oxygen Monitoring System, 
Integra LifeSciences, Plainsboro, NJ, USA). Finally, in 193 
patients, TCD assessment of middle cerebral artery (MCA) 
cerebral blood flow velocity (CBFV) was conducted via a 
Doppler-Box (Compumedics, Singen, Germany) or 
Neuroguard (Medasonic, Fremont, CA, USA) on the side 
of the ICP microtransducer placement, or on the opposite 
side if the TCD signal window was better there. The data 
were recorded digitally at a minimum of 100  Hz using 
ICM+® software (https://icmplus.neurosurg.cam.ac.uk) or, 
before 2003, at 50  Hz, using its predecessors ICM and 
WREC (Warsaw University of Technology, Warsaw, 
Poland). The early data sets did not include full raw data 
recordings; in those patients, only a subset of the calculated 
indices was available for analysis, with no possibility of 
recalculation. Post-acquisition, the data were further pro-
cessed using ICM+ software where raw data were avail-
able. Signal artifacts were removed either manually or by 
using automated detection criteria. CPP was calculated as 
the difference between the mean ABP and ICP signals.

Tables 1 and 2 present various secondary indices that 
were calculated using a sliding window approach (with a cal-
culation update rate of 1 min, whereas the window length, 
and thus the window overlap, varied depending on the index, 
and this is specified in the tables). Table 1 lists the parame-
ters that were extracted from ICP and ABP signals alone and 
thus were present in the whole cohort of analyzed patients. 
Table 2 lists all of the TCD-derived parameters, which were 
present only in a subset of patients. The statistical signifi-
cance of differences between the normal- and elevated-ICP 
groups was determined via the Mann–Whitney U test, with 
an alpha value of 0.05. Given that this analysis was an explo-
ration of multimodal defined cerebrovascular parameters 

during normal ICP and intracranial hypertension (i.e., ICP 
>23 mmHg), we elected to not correct for multiple compari-
sons, in keeping with the methods used in other physiologi-
cal exploratory studies.

This study was conducted as a retrospective analysis of a 
prospectively maintained database cohort, in which high- 
frequency monitoring data had been archived. Monitoring of 
brain modalities was conducted as a part of standard NCCU 
patient care, using an anonymized database of physiological 
monitoring variables in neurocritical care. Patient outcome 
data were extracted from hospital records and fully anony-
mized; no data on patient identifiers were available, and thus 
no separate ethical approval nor formal patient or proxy con-
sent was sought.

Table 1 Lists of metrics extracted from ICP and ABP waveforms 
alone, and thus present in the whole cohort of analysed patients, calcu-
lated using a sliding window approach. Actual length (duration) of the 
sliding window (termed calculation window) is provided. For all the 
calculations the sliding windows were moved by 1 min, at a time, thus 
introducing a varying level of overlap

Index Description
Calculation 
window [s]

PRx Pressure reactivity index [5] 300

HR Heart rate 60

AMP Fundamental amplitude of pulse wave of ICP 60

SLOW Amplitude of slow waves of ICP 1200

PAx Pulse amplitude index (correlation between 
AMP and mean ABP) [6]

300

RAC Correlation between AMP and CPP [7] 300

CPP cerebral perfusion pressure

Table 2 Lists of metrics extracted from TCD waveforms, and thus 
present only in a subset of analysed patients, calculated using a sliding 
window approach. Actual length (duration) of the sliding window 
(termed calculation window) is provided. For all the calculations the 
sliding windows were moved by 1 min, at a time, thus introducing a 
varying level of overlap

Index Description
Calculation 
window [s]

Mx Mean flow index (coefficient of 
correlation between CBFV and CPP) [8]

300

CrCP Critical closing pressure (ABP at which 
blood flow ceases) [3]

60

DCM Diastolic closing margin (= diastolic 
ABP − CrCP) [3] 

60

sPI Spectral pulsatility index (F1/CBFVm) 60

ARI Autoregulation index (transfer function- 
based grading index) [8]

300

ABP arterial blood pressure, CBFV cerebral blood flow velocity, 
CBFVm mean CBFV, CPP cerebral perfusion pressure, F1 fundamental 
pulse amplitude of CBFV
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 Results

Examples of selected recorded cerebrovascular variables are 
provided in Figs.  1, 2, and 3. They include the short-term 
elevation of ICP provoked by the cerebrovascular vasodila-
tory cascade, causing a temporary increase in ICP—a pla-
teau wave (Fig. 1). The second example features refractory 
intracranial hypertension associated with malignant brain 
edema (Fig. 2). The third presents a temporary rise in ICP 
driven by an increase in CBFV; this may have been attribut-
able to an increase in either the partial pressure of carbon 
dioxide (PaCO2) or brain metabolism (Fig. 3).

The results of the analysis are detailed in Table 3, which 
lists demographic data as well as the mean values of each of 
the measured or calculated parameters stratified by ICP 
group (elevated versus normal). Most of the studied param-
eters differed significantly between the two groups, except 
for the GCS score, heart rate, amplitude of slow waves and—
somewhat surprisingly—PbtO2, though the sample was 
small. Not only were the outcomes (measured by the GOS) 
highly significantly different in the two groups, but also the 
median GOS score in the elevated-ICP group was 1 (a fatal 
outcome), whereas the score in the normal-ICP group was 4 
(moderate disability).

ICP

ABP

CBFV

TOI

60

40

20

135

110

80
64

60
14:30 14:35 14:40 14:45 14:50 14:55 15:00 15:05 15:10 15:15 15:25

Time [hour:min]

Fig. 1 A plateau wave of ICP and decreasing CPP. This is an example 
of when CBFV decreases due to failing autoregulation. Brain oxygen 
saturation measured using near-infrared spectroscopy (TOI) decreases, 

indicating a similar response in cerebral blood flow. This elevation in 
ICP occurred over 15 min and was managed by nursing intervention 
(vasoconstriction via a short term increase in arterial blood pressure)

Fig. 2 Refractory intracranial hypertension. Note the persistent, and total loss of pressure reactivity PRx (solid red line) preceding the terminal 
increase in ICP and decrease in PbtO2
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Fig. 3 Deep ICP waves related to the increase in cerebral blood flow 
and therefore cerebral blood volume. This effect can be observed quite 
frequently after TBI. Note that the change in CBFV is not caused by 

intracranial hypertension, but that intracranial hypertension is second-
ary to the rise in cerebral blood volume

Table 3 Comparison of cerebral hemodynamic parameters stratified by normal and elevated levels of intracranial pressure (ICP) in both the 
intermittently measured cohort (a smaller sample of patients in whom parameters derived from transcranial Doppler ultrasound were measured) 
and the long-term ICP/ABP/PbtO2 (intracranial pressure/arterial blood pressure/cerebral oxygen partial tension) cohort (i.e., the whole study 
sample)

Parameter

Patients with normal ICP (<15 mmHg) Patients with elevated ICP (>23 mmHg)

p ValueaValueb nc Valueb nc

Age [y] 39.0 ± 17.2 401 34.0 ± 15.5 116 0.0065**

GCS score 7.0 ± 3.4 396 6.4 ± 3.3 104 0.089

Median GOS score 4.0 401 1.0 116 <0.00001****

ICP [mmHg] 10.504 ± 3.21 401 31.1 ± 9.22 116 <0.0001***

CPP [mmHg] 80.52 ± 10.2 401 66.9 ± 13.9 116 0****

ABP [mmHg] 91.3 ± 10.1 401 97.6 ± 12.2 116 <0.001**

HR [beats/min] 80.6 ± 16.1 401 83.7 ± 16.0 105 0.16

PbtO2 [mmHg] 30.14 ± 19.8 99 24.9 ± 45.0 10 0.15

PRx 0.07 ± 0.15 334 0.2 ± 0.24 66 <0.001***

PAx −0.12 ± 0.17 334 0.41 ± 0.17 66 <0.0001***

RAC −0.252 ± 0.24 223 −0.118 ± 0.26 38 0.0076**

AMP [mmHg] 1.44 ± 0.86 394 2.63 ± 1.6 110 0****

SLOW [mmHg] 1.28 ± 2.52 63 1.13 ± 1.28 85 0.63

CBFVd/CBFVm 0.61 ± 0.067 127 0.57 ± 0.089 66 0.0056**

Mx −0.015 ± 0.29 127 0.13 ± 0.31 66 0.0019**

ARI 4.36 ± 1.51 101 3.44 ± 1.36 52 <0.0001***

CrCP [mmHg] 36.8 ± 8.32 109 53.7 ± 9.8 56 0****

DCM [mmHg] 28.0 ± 6.5 109 19.5 ± 7.4 56 <0.0001***

sPI 0.3 ± 0.08 127 0.36 ± 0.096 66 0.0014**

AMP fundamental frequency of ICP, ARI autoregulation index, CBFV cerebral blood flow velocity, CBFVd diastolic CBFV, CBFVm mean CBFV, 
CPP cerebral perfusion pressure, CrCP critical closing pressure, DCM diastolic closing margin, GCS Glasgow Coma Scale, GOS Glasgow 
Outcome Scale, HR heart rate, Mx mean flow index, PAx pulse amplitude index, PRx pressure reactivity index, RAC correlation between AMP and 
CPP, SLOW amplitude of slow waves of ICP, sPI spectral pulsatility index
aThe asterisks visually convey the significance levels
bThe values are expressed as mean ± standard deviation, except for the median GOS score
cThe n values differ because data for some parameters were unavailable in the early cohort of patients without full raw data recordings
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 Discussion

Elevated ICP significantly affects healthy cerebrovascular 
dynamic function. Both the invasive, continuously measured 
and derived parameters and the noninvasive but intermit-
tently measured and derived TCD-based parameters reflected 
physiological variability with respect to patient subgroups. It 
was determined that ABP was higher in patients with ele-
vated ICP, resulting either from natural fluctuations in cere-
bral blood volume attributable to vasodilation or from 
administration of vasopressors to stabilize patients with 
TBI.  In patients with intact cerebral autoregulation, slow 
waves in ABP and ICP are inversely related, as blood pres-
sure changes affect the cerebral blood volume via reactive 
cerebral vasodilation/vasoconstriction, which, in turn, drives 
swings in ICP in the opposite direction. With high ICP, this 
vasoactive capacity is lost as the vascular bed become pres-
sure passive, and ICP passively follows ABP. This is reflected 
in the pressure reactivity index (PRx; the coefficient of cor-
relation between the mean ABP and ICP) [5], which was sig-
nificantly higher (representing pressure passivity) in the 
elevated-ICP group. However, strictly speaking, this index is 
a measure not of CBF autoregulation but, rather, of vasoreac-
tive capacity.

For more direct assessment of flow regulation, one must 
consider transmission of arterial pressure to CBF. This can 
be accomplished with TCD and indices such as the mean 
flow index (Mx; the coefficient of correlation between the 
cerebral perfusion pressure (CPP) and flow velocity) or some 
form of analysis of the transfer function between ABP and 
FV [8]. In our analysis, both Mx and the transfer function–
derived autoregulation index (ARI) showed significantly 
greater degrees of impairment in patients with elevated ICP, 
consistent with the loss of vasoreactivity.

The blood flow velocity waveform was significantly 
affected in patients with intracranial hypertension. In partic-
ular, the diastolic portion of the flow velocity pulse wave-
form was markedly decreased relative to the mean velocity. 
Compared with those patients who had normal ICP, patients 
with elevated ICP had a much higher CrCP (the value of 
ABP at which CBF ceases) and a lower diastolic closing 
margin (DCM; the difference between the diastolic ABP and 
CrCP), making it more likely for them to exhibit episodes of 
zero diastolic flow (when ABP falls below DCM). This state, 
if sustained, precedes imminent hypoxia and brain death [3], 
which is consistent with the high mortality found in the 
elevated- ICP group. Continuous, long-term monitoring of 
these parameters is clearly desirable in patients with TBI and 
may soon be possible with the emergence of robotic TCD 
probes [9].

The indices PAx (the pressure amplitude index—the cor-
relation between the pulse amplitude of the ICP waveform, 
AMP, and mean ABP) and RAC (the correlation between 

AMP and CPP) can also identify the effects of ICP on cere-
bral hemodynamics in a way closely related to PRx but, in 
theory, less dependent on the pressure/volume curve. As 
PAx is the correlation between the AMP and mean ABP, it 
has been argued that transmission of the arterial pulse to the 
ICP pulse is modulated by the vascular tone, which is, in 
turn, affected by the mean ABP, and that this mechanism 
helps to overcome issues with high pressure/volume com-
pliance [6]. RAC goes one step further and relates the pulse 
amplitude not to ABP but to CPP (so, in effect, to both ABP 
and ICP, making it a fusion of the autoregulatory index, 
PAx, and the compensatory reserve index (RAP)) [7]. In our 
data set, patients with elevated ICP exhibited significantly 
higher PAx and RAC values than those with normal ICP. As 
RAC is particularly sensitive to both ICP and CPP, its poten-
tial for individualizing both has been noted [10, 11].

Some limitations of this study must be mentioned. The 
study was somewhat limited by our arbitrary categorization 
of “normal” versus “elevated” ICP thresholds on the basis of 
grand mean values of ICP and the potential ramifications of 
this effect for our statistical reporting when assigning our 
patients to subgroups. Not all parameters were available for 
all of the data sets, and the number of patients assigned to 
each ICP group varied with each parameter and thus they 
were all generally unevenly distributed between the two 
groups. Given these issues, we limited ourselves to the uni-
variate analysis approach and chose not to correct for multi-
ple comparisons, in keeping with the methods used in other 
physiological exploratory studies.

 Conclusion

Elevated intracranial pressure severely affects cerebral 
hemodynamics. Vascular reactivity and cerebral blood flow 
autoregulation break down, and the critical closing pressure 
becomes dangerously close to the mean arterial blood pres-
sure, threatening cessation of cerebral blood flow during the 
diastolic phase. Combined, these effects accompanying 
severe intracranial hypertension lead to more than a twofold 
increase in mortality.
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 Introduction

A chronic subdural hematoma (CSDH) is a common neuro-
surgical disease characterized by formation of a capsule 
around a subdural hemorrhage, causing local compression of 
cerebral tissue [1]. The risk factors for CSDH development 
are age, alcoholism, use of anticoagulants, and coagulopa-
thy, and the patients at highest risk of CSDH development 
are elderly patients who have had a nonsevere traumatic 
brain injury (TBI) [2]. Key factors determining the course 
and clinical outcome of a CSDH are the reactions of the 
microcirculation bed in the underlying region of the cerebral 
cortex—the so-called perifocal zone [3]. The results of a few 
investigations of the state of global and local cortical perfu-
sion, as well as investigations of the state of autoregulation in 
this zone, have been contradictory. Commonly, cerebral 
blood flow is measured by xenon-enhanced and perfusion 
computed tomography (PCT). However, imperfections in the 
existing software for cerebral perfusion quantification during 
CT scanning [4] lead to contradictory results. At the same 
time, the introduction of CT algorithms that exclude voxels 
with blood flow in the cortical vessels has made it possible to 
assess the state of pial blood flow in the region of interest 
without an admixture of large-vessel flow data [5]. Thus, it is 
now possible to assess cerebral blood flow and the autoregu-
lation status in the perifocal zone of a CSDH, which is worth 
pursuing because the available knowledge of conservative 
treatment modalities for a CSDH is sparse and is based on 
small case series and low-grade evidence [6].

The purpose of this work was to study cerebral microcir-
culation and autoregulation in the perifocal CSDH zone on 
the basis of analysis of PCT to understand the mechanisms 
of CSDH development.

 Materials and Methods

This retrospective, observational, nonrandomized, single- 
center study was conducted as an analysis of a prospec-
tively maintained database cohort (2016–2018) and 
included patients in the subacute stage of severe poly-
trauma and head injury. The study protocol was reviewed 
and approved by the institutional ethics committee and 
conformed to the standards of the Declaration of Helsinki. 
All patients gave informed consent to participate in the 
study. Twenty patients with a CSDH after polytrauma 
(between January 2016 and July 2018) were included in 
the study. The inclusion criteria were (1) a CSDH on CT or 
magnetic resonance scans, (2) an indication for surgery, 
(3) signed informed consent to participate in the study, and 
(4) a baseline PCT scan. We excluded patients who (1) 
were younger than 16 years, (2) had a bilateral CSDH, (3) 
had a serum blood creatinine level >120  mmol/L, or (4) 
had acute deterioration necessitating decompressive crani-
otomy. The study was performed under an approved insti-
tutional review board guideline as part of a multicenter 
study of the results of conservative and surgical CSDH 
treatment in the chronic stage of a concomitant TBI.

All patients underwent craniotomy with a burr hole 
under navigation by a SINA App (Sina Intraoperative 
Neurosurgical Assist). The cavity of the CSDH was washed 
out with a warm isotonic saline solution. A drainage cath-
eter (Pleurofix®, B.  Braun, Melsungen, Germany) was 
placed in the cavity of the CSDH for 48 days. All patients 
underwent PCT within the first day before surgery. It was 
performed on a Philips Ingenuity CT® scanner (Philips 
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Medical Systems, Cleveland, OH, USA). We used the fol-
lowing scan  parameters: 160-mm coverage on the z-axis, 
80  kV, 150  mA, effective dose 3.3  mSv, slice thickness 
5 mm, and collimation 64 × 0.625 mm. The total acquisi-
tion time was 60 s (30 consecutive spiral acquisitions of 2 s 
each). Fifty milliliters of Ultravist 370 (Bayer Pharma, 
Berlin, Germany) was injected intravenously through a 
20  G catheter by an automatic syringe injector (Medrad 
Stellant, Bayer HealthCare, Whippany, NJ, USA). CTP 
data were processed using a Philips Ingenuity Core work-
station (2013, v.3.5.5.25007; Philips Healthcare, 
Amsterdam, the Netherlands). First, the arterial input func-
tion was detected automatically by using a cluster analysis 
algorithm. This arterial input function was subsequently 
used with the Bayesian probabilistic method to generate the 
perfusion parametric maps. Color-coded perfusion maps 
were produced to describe cerebral perfusion: cerebral 
blood flow (CBF), cerebral blood volume (CBV), the mean 
transit time (MTT), and the time to the peak concentration 
of contrast (TTP). The same PCT data were assessed quan-
titatively in the cortical brain region beneath the CSDH 
(zone 1) and in the corresponding contralateral brain hemi-
sphere (zone 2) without and with use of a perfusion calcula-
tion mode excluding vascular voxels (“remote vessels” 
(RVs)) in the first and second analysis methods, respec-
tively. Quantitative perfusion indices, including CBF, were 
calculated on a voxel-wise basis and were used to generate 
color-coded maps. The voxels with CBF >100 mL/100 g/
min or CBV >8 mL/100 g were assumed to contain vessels 
and removed from the perfusion map [7]. Statistical analy-

sis was performed using a paired Student’s t test. The data 
were expressed as mean ± standard deviation. P values of 
<0.05 were considered statistically significant.

 Results

The sex distribution had a male predominance (8 women 
and 12 men). The mean age was 54.7 ± 15.6 (range 17–87) 
years. The CSDH was mainly located in the left hemi-
sphere (in 11 patients). The average volume of the CSDH 
was 84.2  ±  12.4 (range 55–113) cm3. The mean midline 
shift was 9.1 ± 1.2 (range 7–12) mm. The level of wakeful-
ness according to the Glasgow Coma Score was 13.1 ± 0.5 
(range 10–15), and the Markwalder level was 1.8  ±  0.5 
(range 0–3). The acquired and analyzed data are summa-
rized in Table 1. Comparison with normal values for perfu-
sion indices [9] in zone 1 in the calculation algorithm with 
flow in the cortical vessels (in the first analysis method) 
showed significant (P < 0.01) increases in CBV and CBF, 
and no significant increases in MTT and TTP (P > 0.01). 
However, when vascular voxels were excluded by the RV 
mode (in the second analysis method), the comparison of 
perfusion parameters in zone 1 with normal values showed 
nonsignificant changes (P > 0.01). In zone 2 (on the con-
tralateral side), the comparison with normal values for per-
fusion indices in the first analysis method revealed 
statistically significant increases in CBV and CBF 
(P < 0.01), but the changes in MTT and TTP were nonsig-

Table 1 Data on the analyzed parameters
CBF (mL/100 g × min) CBV (mL/100 g) TTP (s) MTT (s)

1 First analysis method
(zone 1 without RVs) 148.97 ± 32.98 10.98 ± 2.79 28.58 ± 0.79

4.23 ± 0.63

2 First analysis method
(zone 2 without RVs)

123.15 ± 29.51 9.28 ± 2.25 27.72 ± 1.17 4.61 ± 0.77

3 Second analysis method
(zone 1 with RVs)

87.97 ± 15.95 5.57 ± 0.91 26.45 ± 0.81 3.14 ± 0.59

4 Second analysis method
(zone 2 with RVs)

74.88 ± 21.02 5.14 ± 0.76 28.06 ± 1.28 4.11 ± 0.85

5 Normal values [8] 64.02 ± 0.6 4.6 ± 0.8 – 4.3 ± 0.8

P values for comparisons

  1 versus 2 0.011 0.041 0.521 0.532

  1 versus 3 <0.001* <0.001* 0.702 0.004*

  2 versus 4 0.002* <0.001* 0.704 0.049

  3 versus 4 0.047 0.091 0.192 0.321

CBF cerebral blood flow, CBV cerebral blood volume, MTT mean transit time, RVs remote vessels, TTP time to peak concentration of contrast
*Significant difference (р < 0.01)
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nificant. At the same time, use of the second analysis 
method showed no significant changes in perfusion param-
eters (P > 0.01) in zone 2.

 Discussion

The main property of the brain circulation—cerebral auto-
regulation—is the ability to maintain constant cerebral per-
fusion under fluctuating mean arterial and intracranial 
pressure [10]. It was previously noted that indicators of cere-
bral perfusion and the state of autoregulation are in close 
interdependence, and that microvasculature perfusion disor-
ders result from damage to the autoregulation mechanisms 
[8, 11]. It has been proposed that a CSDH disrupts the mech-
anisms of CBF autoregulation, as is evident in cerebral 
microcirculation disorders with development of congestion 
and hyperperfusion syndromes. Thus, there is a fair increase 
in CBV in comparison with the symmetrical zones in the 
opposite hemisphere, while the time characteristics do not 
change significantly, which corresponds to congestion and 
hyperperfusion patterns and indicates a cerebral autoregula-
tion disorder [1, 3]. Nevertheless, these findings, as well as 
the fact that the studies were carried out without using algo-
rithms, appear to be the basis for critical comments on this 
work. In our study, we used a CT analysis algorithm that 
excluded pixels from large vessels, thus enabling us to ade-
quately assess perfusion in the pial bed of the perifocal zone 
of the CSDH. We think that we can use the second algo-
rithm in the intact hemisphere because microcirculation in 
this area is also abnormal in patients with a 
CSDH.  Microcirculatory disturbances in the intact hemi-
sphere are probably caused by venous drainage failure and 
intracranial hypertension. This belief is based on results 
reported by other investigators [1, 3]. Our data prove the sta-
bility of microvasculature perfusion in the CSDH perifocal 
zone and, consequently, preserved CBF autoregulation in 
patients with such pathology. Hyperemia and hyperperfusion 
in the perifocal zone of the CSDH, which have been described 
in previous studies [3], do not affect the microcirculation, as 
no pial perfusion disorders were observed. A possible reason 
for development of such syndromes in the perifocal zone 
could be formation of de novo blood vessels in the capsule, 
with development of an over-capillary shunting phenome-
non, causing an increase in blood flow. In practice, our results 
show that the onset of foci of local cerebral hyperperfusion 
not affecting the pial bed direction is probably an early 
marker of de novo angiogenesis in capsule formation with 
development of brain compression [12]. Clarification of this 
statement could be the basis for early diagnosis of compres-
sion formation on the basis of detection of the characteristic 
features of cerebral perfusion.

It should be noted that our study had some methodologi-
cal limitations, the main one being the impossibility of 
dynamic noninvasive assessment of the state of perfusion in 
the perihematomal area without PCT rescanning. Moreover, 
considering the characteristics of our study design, we were 
unable to assess the perfusion characteristics of the perifocal 
zone in patients with a bilateral CSDH or in patients with a 
CSDH in a decompensated state. Both of these issues require 
further study.

 Conclusion

Detection of hyperemia and hyperperfusion in the perifocal 
zone of a CSDH is associated with changes in blood flow and 
blood supply at the level of resistive and capacitive vessels, 
and does not affect the capillary bed. The perfusion indices 
of blood flow in the perifocal zone of the CSDH show no 
significant differences from those in the symmetrical zone of 
the contralateral hemisphere. The maintenance of microcir-
culatory blood flow perfusion reflects preservation of CBF 
autoregulation in patients with a CSDH. Exclusion of large 
vessels from analysis of the microcirculation is more suitable 
for evaluation of CBF status in patients with a CSDH.
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 Introduction

Monitoring of intracranial pressure (ICP) as a clinical param-
eter is a practice adopted by the health team during the first 
hours of a stroke in order to guide treatment and achieve bet-
ter neurological outcomes. Monitoring of absolute values 
and ICP waveforms provides crucial information about intra-
cranial dynamics and brain compliance [1]. The ICP wave-
forms P1, P2, and P3 correspond to the percussion wave, 
tidal wave, and dicrotic wave, respectively. Normal brain 
compliance is represented by the P1 value being higher than 
the P2 value. However, poor brain compliance is related to 
the P2 value being higher than the P1 value [2]. During the 
acute phase of stroke, impairment of brain compliance and a 
marked reduction in cerebral blood flow (CBF) signifies a 
worse prognosis [3, 4]. Commonly, after a stroke, people 
have chronic disabilities, which can permanently affect their 
function, activity, and participation in society [5].

After a stroke, most patients tend to adopt sedentary 
behavior, regardless of their functional ability [6]. The large 
amount of sedentary time increases the risks of cardiovascu-
lar diseases and recurrent stroke [7]. Studies have shown that 
prolonged time spent in sedentary behavior (e.g., sitting 
time) leads to a reduction in CBF in different populations, 
such as healthy desk workers [8] and the elderly [9].

Advances in noninvasive ICP-monitoring technology and 
the growing number of noninvasive ICP-monitoring devices 
have create the possibility to monitor ICP in a variety of envi-
ronments and at the chronic stage of stroke. In this context, 
this study aimed to verify if there is a relationship between 
cerebral compliance and sedentary behavior during the 

chronic stage of stroke, using a noninvasive ICP- monitoring 
device. The study hypothesized that in patients who were in 
the chronic phase of stroke, the fewer steps they walked each 
day and the more time they spent being inactive each day, the 
more impaired their cerebral compliance would be.

 Materials and Methods

 Participants

Eight patients from São Carlos, Brazil, participated in this 
pilot study. All patients presented moderate sensory motor 
impairment (assessed using the Fugl-Meyer Assessment 
Scale) and met the following inclusion criteria: (1) hemipa-
resis caused by a stroke in the middle cerebral artery; (2) 
being in the chronic phase, at least 6 months poststroke; (3) 
a Mini–Mental State Examination score between 26 and 30, 
depending on the educational level; and (4) ability to com-
plete the experimental protocol. The exclusion criteria were 
(1) more than one stroke episode; (2) bilateral stroke; (3) any 
pre-existing neurological disorder; and (4) severe heart, lung, 
or kidney disease. Before data collection, patients signed a 
written consent form explaining the protocol. All experimen-
tal procedures complied with the requirements of the ethics 
committee at the Federal University of São Carlos (ethical 
approval number 80457317.0.0000.5504). Table 1 presents 
the demographic and functional characteristics of the 
included patients.

 Physical Activity Monitoring

The time spent in walking activities was recorded using an 
activity monitor, and the patients also completed an activity 
questionnaire. Each patient used a StepWatch Activity 
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Monitor™ (SAM) placed on the nonparetic ankle for 7 days 
continuously except during bathing, showering, or swim-
ming. After 7 days of SAM use, the patients answered the 
International Physical Activity Questionnaire to verify the 
correspondent activities recorded by the SAM, focusing on 
data regarding the number of steps walked and the time spent 
in inactivity.

 Intracranial Pressure Monitoring

Before the ICP assessment, the patients were asked to avoid 
ingesting food and drinks that would cause any stimulation 
(i.e., caffeine) for at least 12 h. The noninvasive intracranial 
pressure (niICP) device Brain4Care® (a strain gauge) moni-
tored their ICP waveforms continuously during a postural 
change maneuver involving 15 min spent in a supine position 

and 15 min in an orthostatic position. The niICP sensor was 
placed over the ipsilesional hemisphere at the electroenceph-
alography position C5 or C6, depending on the side of the 
injury. A sample of the ICP data collection is presented in 
Fig. 1.

 Statistical Analysis

Spearman’s correlation coefficient was used to analyze the 
P2/P1 ratio, the number of steps walked, and the data on time 
spent in inactivity. The level of significance was taken as 
p < 0.05. Statistical analysis was performed using SPSS soft-
ware version 17.0 (SPSS, Chicago, IL, USA), and the level 
of significance was taken as p ≤ 0.05.

 Results

In the supine and orthostatic positions, the P2/P1 ratios were 
0.84 ± 0.14 and 0.98 ± 0.17. The percentage of time spent in 
inactivity was 71 ± 11%, and the number of steps walked per 
day was 4220 ± 2239. We found a high positive correlation 
(r = 0.881, p = 0.004) between the P2/P1 ratio and the per-
centage of time spent in inactivity (Fig. 2). No correlation 
was observed between the P2/P1 ratio and the number of 
steps walked per day (p = 0.183).

Table 1 Patient characteristicss [N = 8]
Characteristic Number
Male/female ratio (n/n) 7/1

Age (years)a 56.67 ± 10.46

Body mass indexa 26.29 ± 3.10

Type of stroke: ischemic/hemorrhagic (n/n) 3/5

Lesioned hemisphere: right/left (n/n) 4/4

Fugl-Meyer total scorea 162.17 ± 33.40
aThe values are expressed as mean ± standard deviation
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 Discussion

This study provided new perspectives for use of noninvasive 
techniques to assess ICP outside critical care—more pre-
cisely, during the late stage of a stroke. The findings of the 
study demonstrate that people in the chronic stage of stroke 
who spend prolonged time in inactivity present a higher P2/
P1 ratio in their ICP waveforms, suggesting reduced cerebral 
compliance. Although no normal range has been established 
for P2/P1 ratio values provided by noninvasive measurement 
techniques, an increase in the P2/P1 ratio could be associated 
with decreased brain compliance.

Considering the reduction in cerebral compliance we 
observed, these findings could be associated with impairment 
of cerebral autoregulation. Aoi et al. (2012) showed that brain 
atrophy and functional recovery in stroke patients depend on 
dynamic cerebral autoregulation and perfusion adaptation 
[10]. According to the literature, autoregulation can be 
impaired as a result of a stroke. One of the causes of an altera-
tion in autoregulation may be chronic hypertension [11].

In the past, guidelines and taskforces have suggested that 
sedentary behavior is a risk factor associated with noncom-
municable diseases, cardiovascular diseases, and stroke [12]. 
Thus, the possibility of monitoring ICP during the chronic 
stage of a stroke and during sedentary behavior could pro-
vide new insights into risk management and new perspec-
tives on assessment.

The noninvasive method used in the present study 
enabled continuous assessment of the ICP waveform peaks 
P1, P2, and P3 during the monitoring period. This method 
has previously been validated and described in other neu-
rological conditions [13–15]. If the P2 value equals or 
slightly exceeds the P1 value, this characterizes potentially 

pathological morphology showing evidence of a decrease 
in intracranial compliance [16].

This study had a few limitations: the sample size was 
small; there was no control group; and the device used to 
monitor ICP provided values only in millivolts, not in 
 millimeters of mercury. Despite these limitations, the find-
ings still provide an insight into how the function of cerebral 
compliance is impaired during the chronic phase of a stroke.

 Conclusion

This preliminary study showed a correlation between seden-
tary behavior and a decrease in cerebral compliance. Thus, 
monitoring of intracranial pressure during the late stage of a 
stroke could guide the clinician’s treatment to reduce seden-
tary behavior and the risks of recurrent stroke and cardiovas-
cular diseases.
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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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 Introduction

B-waves were first observed by Lundberg [1] in intracranial 
pressure (ICP) monitoring as regular oscillations in ICP at 
frequencies of 0.5–2 waves/min (8–30 mHz). The exact cause 
of their occurrence is not entirely clear. There are different 
physiological and pathophysiological factors that are consid-
ered sources of this phenomenon: primary slow rhythmic 
changes in the partial pressure of arterial CO2 (related to the 
respiration rhythm), changes in systemic blood pressure (BP), 
and cerebral perfusion pressure [2–4]. Various classifications 
and subgroups of B-waves in ICP based on their amplitude, 
types of waveform, and rate of occurrencehave been proposed 
for correct identification and interpretation of possible mech-
anisms that can generate these fluctuations. With the intro-
duction of transcranial Doppler ultrasound (TCD) into clinical 
practice, similar patterns of slow waves have been found in 
the spectrum of linear blood flow velocity (BFV) in the basal 
cerebral arteries in both healthy individuals and patients with 
a severe head injury, hydrocephalus, a ruptured cerebral aneu-
rysm, or a hypertensive intracerebral hemorrhage [5–8]. 
Nevertheless, it is still debatable which of the B-waves (of 
ICP or BFV) is the surrogate and which one is the original. 
Newell et al. [5] simultaneously recorded TCD and ICP sig-
nals in artificially ventilated patients with a severe head injury 

and demonstrated high coherence of both parameters within 
the range of B-waves. However, B-waves of BFV preceded 
B-waves of ICP and were independent of any change in arte-
rial or cerebral perfusion pressure, as well as respiration and 
end-tidal CO2 pressure. These findings, supported by those of 
other experimental and clinical studies, underpin the most 
acceptable vasogenic theory of the origin of intracranial 
B-waves [9–13]. According to this theory, intracranial 
B-waves are induced by periodic changes (dilation and con-
striction) of small regulating arteries in the cerebral microcir-
culation, with a frequency of 8–30  mHz. Hence, one can 
conclude that cerebral blood flow is a basic parameter where 
intracranial B-waves initially occur. From this point of view, 
it would be more correct to define B-waves in ICP as a sur-
rogate, whereas B-waves in BFV in the basal cerebral arter-
ies, for obvious reasons, are considered to be the first 
derivative of a similar fluctuation in cerebral blood flow.

It is still unknown whether slow vasogenic activity with 
such a periodicity reflects the functional state of either myo-
genic or neurogenic mechanisms (with an intrinsic brain 
stem pacemaker) of cerebral blood flow regulation. Moreover, 
there is no agreement about the prognostic and diagnostic 
value of intracranial B-waves. Some authors insist that TCD 
B-waves often occur in healthy individuals and that their dis-
appearance highly correlates with impaired cerebral auto-
regulation (CA) and poor outcomes in various pathological 
conditions [2, 10]. Other investigators suggest that increased 
B-wave amplitude in ICP and BFV is the result of intracra-
nial hypertension and low compliance, as well as cerebral 
hypoperfusion [5, 8, 9].

The cerebral circulation system in patients with brain 
arteriovenous malformation (AVM) is commonly character-
ized by impaired autoregulation on the affected side, which 
is due to pathological arteriovenous shunting [14, 15]. 
However, there are no data clarifying the relationship 
between B-waves of BFV in the basal arteries and this type 
of compromised cerebral hemodynamics without evident 
signs of intracranial hypertension.
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The aim of this study was to evaluate the amplitude of 
BFV within the range of B-waves (BWA) in patients with 
AVM before and after endovascular intervention.

 Materials and Methods

The design of the study was approved by the local ethical 
standards committee of the Almazov National Medical 
Research Centre, in accordance with the 1975 Declaration of 
Helsinki (and as revised in 1983). The study procedures were 
performed after written informed consent was obtained from 
the patients or their legal representatives.

We retrospectively examined a cohort of 38 patients with 
brain AVM who were admitted to the neurovascular depart-
ment of the Russian Polenov Neurosurgical Institute for 
endovascular management. The main demographic and clin-
ical characteristics of the patients are presented in Table 1. 
The patients were studied and operated on beyond the stage 
of hemorrhagic and epileptic symptoms. The type of AVM 
located in one of the hemispheres of the brain was classified 
in accordance with the Spetzler–Martin Grading Scale [16]. 
AVMs were embolized with either an adhesive agent 
(n-butyl-2-cyanoacrylate; Hystoacryl) or a nonadhesive 
agent (Onyx) through afferent vessels originating from the 
middle cerebral artery (MCA) and/or the anterior cerebral 
artery (ACA) [17]. Clinical assessment was performed 
according to the Modified Rankin Scale (mRs) prior to and 
after the endovascular intervention [18]. All patients had 

standard perioperative computer tomography (CT) imaging 
of the brain, Doppler ultrasound of the precerebral and cere-
bral arteries, and evaluation of CA.

The patients underwent ultrasound assessment of the pre-
cerebral arteries, using the Vivid E ultrasound system (GE 
Healthcare, Chicago, IL, USA) with a multifrequency linear 
transducer (4–12 MHz). The benefits of duplex scanning for 
assessment of the radicality of AVM embolization on the 
basis of shunting blood flow dynamics before and after the 
procedure have been demonstrated previously [15].

CA measurements were performed with both a cuff test 
[19, 20] and transfer function analysis (TFA) [21, 22]. The 
subjects were in a supine position with 30° elevation of the 
upper body while breathing at a rate of 6 breaths/min. The 
end-tidal partial pressure of CO2, measured with a Novametrix 
Tidal Wave capnograph (Philips Medical Systems, 
Eindhoven, the Netherlands) corresponded to normocapnia 
(36–38 mmHg). BFV in the main basal cerebral arteries was 
insonated through the temporal bone window at a depth of 
50–60 mm with a 2-MHz probe fixed on a headframe. BP 
was registered continuously via a servocontrolled finger pho-
toplethysmograph (CNAP Monitor 500 HD, CNSystems 
Medizintechnik, Graz, Austria) with the subject’s hand posi-
tion at the heart level. BP recording was transmitted through 
the analogue input channel of a MultiDop X system block 
into the monitoring module of DWL software.

For TFA, the data segments were inspected visually and 
edited for artifacts and ectopy. Only steady state data were 
digitized and stored on a hard disk in universal ASC files in 
DWL software for further offline CA    assessment. While 
TFA was performed, the spectral amplitudes of BP and BFV, 
the phase shift (PS), and the coherence coefficient were cal-
culated in a specifically selected range of systemic Mayer 
waves (M-waves, 80–120 mHz). This frequency band com-
monly reflects periodic fluctuations in BP and is more infor-
mative for assessment of the myogenic component of the 
cerebrovascular response than high-frequency oscillations. 
According to the high-pass filter model, the pressure–flow 
relation between the input (BP) and output (BFV) signals is 
characterized by a positive PS (0.8–1.2 rad). In the case of 
impaired autoregulation, the passing capacity of the filter for 
slow waves increases; therefore, the PS between both param-
eters reduces, even to zero. Coherence between 0 and 1 
reflects a linear relation between BP and BFV. To ensure the 
greatest reliability of PS values for further statistical analy-
sis, they were estimated only at frequencies that exhibited 
coherence >0.6 and maximum M-wave amplitude in 
BP.  Additionally, the spectral amplitudes of BP and BFV 
were also calculated within the range of slow B-waves 
(8–30  mHz). TFA was performed with the commercially 
available data acquisition software Statistica for Windows 
version 7 (StatSoft, Tulsa, OK, USA) in the “time series and 
forecasting” module.

Table 1 Demographic and clinical characteristics of patients with a 
supratentorial arteriovenous malformation (AVM) 
Characteristic Value
Age (years)a 38 ± 11

Male/female ratio (n/n) 20/18

Type of AVM according to the Spetzler–Martin scale (n)

  I–II 9

  III 18

  IV–V 11

Manifestation of hemorrhage/epileptic 
seizure (n/n)

21/17

Radicality of AVM embolization (n)

  75–100% 10

  50–75% 16

  50% 12

Shunt flow index: preoperative/postoperative 
(ml/min)a

564 ± 115/346 ± 96*

Modified Rankin scale score: preoperative/
postoperativea

1.3 ± 0.6/1.1 ± 0.4

aThe values are expressed as mean ± standard deviation
*p < 0.05
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Descriptive statistics were used to describe the patients’ 
demographic characteristics and clinical, angiographic, 
ultrasound, and TFA data. A paired Student’s t test was used 
to estimate the significance of CA changes after AVM embo-
lization. Parametric data were expressed as mean ± standard 
deviation, and values of p < 0.05 were considered statisti-
cally significant.

 Results

Among 38 patients with brain AVM, 21 manifested with 
intracranial hemorrhage and 17 with epileptic seizures. 
Nevertheless, none of them had any clinical or CT/MRI 
(magnetic resonance imaging) markers of intracranial hyper-
tension at the time of admission, examination, and endovas-
cular intervention. The mean mRs value prior to intervention 
was 1.3 ± 0.6 and indicated slight or insignificant disability 
(Table 1). AVMs located in one of the hemispheres and sup-
plied with a feeding artery originated from the unilateral 
MCA and/or ACA.

In patients with a type I–II of  AVM, according to the 
Spetzler–Martin scale (n = 9), embolization in one or two 
sessions led to elimination of up to 75–100% of the initial 
size of the pathological arteriovenous lesion from the circu-
lation. In cases of AVM type III (n = 18) or type IV–V (9) on 
the Spetzler–Martin scale, because the AVM was located in a 
functionally important area or was bigger (more than 3 cm in 
size), the first session of endovascular intervention was sig-
nificantly less effective. The original size of the AVM was 
reduced by 50–75% in 16 cases and by no more than 50% in 
12 cases. No early postoperative neurological complications 
nor complications at the time of hospital discharge (7–10 days 
after the procedure) were observed in our study. The postop-
erative mean mRs value increased to 1.3  ±  0.6 but non- 
reliably (Table 1).

Ultrasound examinations were performed 1–3 days prior 
to intervention, as well as on the third day after it. The shunt 

flow index prior to intervention in all 38 patients was 
564 ± 115 ml/min and reliably correlated (p < 0.01) with the 
type of AVM according to the Spetzler–Martin scale. After 
embolization, the shunt flow index decreased remarkably to 
292  ±  76  ml/min but remained high mainly because the 
patients had an AVM of type IV–V gradation and it was only 
partly embolized. In patients with a type I–II of AVM, shunt 
flow index was zero postoperatively (Table 1).

Perioperative dynamics of BP, BFV, and autoregulation 
parameters before and after AVM embolization are presented 
in Table 2. Initial TCD patterns in the basal cerebral arteries 
on the affected side showed pathological arteriovenous 
shunting through the AVM.  The mean BFV values were 
142 ± 49 cm/s on the AVM side and 71 ± 14 cm/s contralater-
ally. The pulsatility indices were 0.49 ± 0.13 and 0.87 ± 0.14, 
respectively. Moreover, a reliable decrease in the CA rate on 
the AVM side was noted (autoregulation index (ARI) 
1.2 ± 0.8, PS 0.2 ± 0.1 rad) in comparison with the contralat-
eral side (ARI 5.8 ± 1.5, PS 0.9 ± 0.2 rad). As for BWA, it 
was significantly greater (p  <  0.01) on the AVM side 
(4.5 ± 2.7 cm/c) than on the contralateral side (2.2 ± 1.4 cm/s). 
These asymmetrical changes in BFV within the B-wave 
range appeared under stable recordings of BP, end-tidal CO2 
pressure, and the respiration rhythm, without any slow fluc-
tuations at the same frequency.

Figure 1 illustrates the results of a perioperative exami-
nation of a patient with a left frontal lobe AVM (type III 
according to the Spetzler–Martin scale), which manifested 
with a headache and epileptic seizure. There were no symp-
toms of intracranial hypertension in the patient’s medical 
history or in the neurological examination at the time of 
admission. Preoperative BFV values in the left MCA 
showed the presence of pathological arteriovenous shunt-
ing. A cuff test and TFA indicated CA impairment on the 
affected side (ARI 1, PS 0.21 rad). BWA in the left MCA 
(3.8 cm/s) was considerably greater than that in the right 
MCA (2.2 cm/s). On the third day after safe and total AVM 
embolization, the BFV and pulsatility index on the side of 
the lesion normalized and the CA parameters reached 

Table 2 Dynamics of blood pressure, blood flow velocity, and autoregulation parameters before/after embolization in 38 patients with a supraten-
torial arteriovenous malformation (AVM) 
Variable Ipsilateral side Contralateral side
Blood flow velocity in the basal artery (cm/s) 142 ± 49/101 ± 23* 71 ± 14/68 ± 12

Pulsatility index 0.49 ± 0.13/0.69 ± 0.11* 0.87 ± 0.14/0.86 ± 0.14

Phase shift (rad)a 0.2 ± 0.1/0.6 ± 0.1* 0.9 ± 0.2/0.9 ± 0.1

Autoregulation index (cuff test) 1.2 ± 0.8/3.6 ± 1.6* 5.8 ± 1.5/5.7 ± 1.4

B-wave amplitude of blood flow velocity (cm/s) 4.5 ± 2.7/2.7 ± 1.8* 2.2 ± 1.4/2.0 ± 0.5

Blood pressure (mmHg) 89 ± 10/85 ± 12

The values are expressed as mean ± standard deviation before/after embolization
aPhase shift between M-waves of blood pressure and blood flow velocity
*p < 0.05
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 normal values (ARI 4, PS 0.8 rad). The postoperative BWA 
values in both MCAs were almost identical and less than 
2 cm/s.

Moreover, 10 out of the 38 patients (six type IV–V and 
four type III according to the Spetzler–Martin scale) had 
greater BWA (exceeding 3 cm/s (4.7 ± 1.1 cm/s)) on the 
AVM side (p  <  0.01) than the other 28 patients. There 
were no reliable differences between the two subgroups 
in terms of BFV, BP, ARI, and PS on the AVM side. After 
embolization, there were reliable increases (p < 0.01) in 
the CA rate (ARI 3.6 ± 1.9, PS 0.5 ± 0.2 rad) and decreases 
in BWA on the AVM side (2.7 ± 1.8 cm/s) in the whole 
cohort.

Figure 2 illustrates the results achieved in a patient with a 
left temporal lobe AVM (type IV according to the Spetzler–
Martin scale) and no symptoms of intracranial hypertension. 
Along with TCD patterns of shunting and severe CA impair-
ment, there was also an extremely large BWA (13 cm/s) with 
a period of more than 2 min. On the third day after the first 
session of partial embolization (of up to 30% of the lesion), 
BFV in the left MCA remained high and CA did not improve 
substantially. Of note, BWA decreased but was still greater 
than that on the contralateral side. There were no postopera-
tive neurological complications.

 Discussion

Intrinsic CA impairment in the basal cerebral arteries, which 
are involved in AVM feeding, can be due to cerebral hypo-
perfusion and “steal” in the perinidal area. Sato et al. [23] 
discovered the presence of abnormally enlarged capillaries 
(up to 7 mm in diameter) in the brain adjacent to the AVM 
nidus. The so-called perinidal dilated capillary network, with 
its inherent pathomorphological features and their functional 
disability, may potentially reflect the real state of autoregula-
tion under conditions of cerebral hypoperfusion and inade-
quate collateral circulation. However, in practice, it is quite 
difficult to preoperatively differentiate true negative results 
of CA assessment from false negative ones, particularly in 
AVM type III–V, because of high shunting through AVM. In 
such cases, baseline low CA indices on the affected side 
reflect the inability for regulation in the afferent vessels of 
the AVM and its network as a result of their morphologically 
determined low resistance. Actually, CA assessment is most 
informative after total embolization of the AVM, when the 
perfusion pressure has normalized, and we can detect the 
real state of CA after intervention and predict the risk of pos-
sible hemorrhagic complications.
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Fig. 1 Results of examination of a 41-year-old man with an arteriove-
nous malformation (AVM) in the left frontal lobe of the brain. Afferent 
vessels originate from the left middle cerebral artery (MCA). From left 
to right: left carotid angiogram, multichannel monitoring of blood pres-
sure (BP) and blood flow velocity (BFV) in the MCA over a period of 

280 s, and amplitude spectra within the low-frequency range. From top 
to bottom: before and 3 days after total (up to 100%) embolization. The 
blue area comprises the range of intracranial B-waves in an amplitude 
spectrum analysis
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A significantly increased BWA of BFV not induced by 
fluctuations in BP prior to endovascular treatment may be due 
to additional neurogenic vasodilation of pial arteries in the 
perinidal zone of the AVM when the perfusion pressure is 
quite low. This assumption is supported by a reduction in 
BWA in BFV in the basal cerebral arteries on the affected side 
even after partial AVM embolization. Further research is 
needed to establish the reasons for this phenomenon and the 
interrelation between myogenic and neurogenic components 
of regulation. Along with CA assessment in patients with an 
AVM in the brain, it might provide a useful tool for evaluation 
of the treatment strategy and prognostication of the risk of 
hemorrhage in the patient’s natural course and after endovas-
cular interventions.
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 Introduction

Hyperthermia (an increased temperature of the “body core” 
above 38.30  °C) is considered a risk factor for secondary 
brain damage, regardless of the etiology of the primary dam-
age (cerebral ischemia, traumatic brain injury, subarachnoid 
hemorrhage, etc.) [1–5]. The frequency of hyperthermia in 
neurointensive care units varies from 30% to 60% [3–8] and 
is associated with a prolonged duration of hospitalization, 
adverse outcomes, and high mortality [4, 5, 8–10].

The existing temperature gradient between the “core” of 
the body and the brain [11] explains the importance of direct 
measurement of cerebral temperature in patients with acute 
cerebral damage, and it is recommended to measure the tem-
perature in the bladder or esophagus [4] for early diagnosis 
of hyperthermia [12].

The aim of this study was to estimate the effects of hyper-
thermia on intracranial pressure (ICP) dynamics and ICP 
dependence on cerebral autoregulation (CA), measured by 
the pressure reactivity index (PRx).

 Materials and Methods

The study used data from multimodal monitoring of eight 
patients with acute brain injuries of various etiologies: three 
patients with a severe traumatic brain injury (TBI), three patients 
with a subarachnoid hemorrhage (SAH) due to rupture of a cere-
bral aneurysm (Hunt and Hess grade 3, Fisher grade 3), one 

patient with a gunshot wound to the head, and one patient who 
had undergone resection of a metastasis in the cerebral hemi-
sphere. The average age of the patients was 53 (range 18–72) 
years. Six of the eight patients were female.

All patients were admitted to the neurointensive care unit 
1 day (range 0–5 days) after the insult and had negative neu-
rological status dynamics, cerebral edema, and signs of 
intracranial hypertension according to computed tomogra-
phy (CT). The patients were treated with a standard local 
protocol, including mechanical ventilation and monitoring 
of ICP, cerebral perfusion pressure (CPP), and PRx.

ICP measurement was provided by a Neurovent-P-Temp 
sensor (Raumedic, Helmbrechts, Germany) combined with a 
temperature probe. The intraparenchymal sensor was 
installed at a depth of 2–2.5 cm at Kocher’s point. Invasive 
arterial blood pressure monitoring was performed by a radial 
artery cannula. CPP was considered as the difference 
between the average blood pressure and the average ICP. All 
patients were monitored for partial expiratory CO2 pressure 
(EtCO2) by a mainstream CO2 sensor (Philips Healthcare, 
Andover, MA, USA). The core body temperature was mea-
sured in the bladder by a Foley catheter combined with a 
thermistor (Smith Medical ASD, Dublin, OH, USA). 
Hyperthermia was defined as an increase in brain tempera-
ture above 38.3 °C.

All parameters were displayed on a Philips MP40 moni-
tor. PRx was calculated by ICM+ software (Cambridge, 
UK). PRx is a linear correlation coefficient between 40 con-
secutive averaged measurements of mean arterial pressure 
and mean intracranial pressure with 5-s increments. PRx val-
ues <0 were considered to signify intact autoregulation, 
while PRx values ≥0 signified loss of autoregulation.

Statistica version 10.0 software (StatSoft, Tulsa, OK, 
USA) was used for statistical data analysis of parametric and 
nonparametric criteria. The median values and quartiles of 
each of the analyzed parameters were used because of the 
abnormal distribution of the variables.
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 Results

Thirty-three episodes of an increase in cerebral temperature 
from 37.8 [quartiles 37.6–38] to 38.9 [quartiles 38.3–39.6] 
°C were detected. The cerebral temperature delta as a differ-
ence between median cerebral temperature before and dur-
ing hyperthermia(max − min) was 1.2 [quartiles 0.5–2.6] °C.

Analysis of monitored parameters during development of 
cerebral hyperthermia (blood pressure, CPP, ICP, PRx, 
EtCO2, and heart rate) revealed a significant change only in 
ICP, which increased by 6 [quartiles 3–11] mmHg (p < 0.01). 
The Spearman’s rank correlation coefficient between brain 
temperature and ICP was 0.11 (t(N − 2), p < 0.01).

The dependence of ICP dynamics on the initial value is 
shown in Table 1.

Before development of hyperthermia, ICP was within 
normal ranges in 25 observations (76%), with a median value 
of 11 [8–16] mmHg, while in eight observations (24%), ICP 
was moderately elevated, with a median value of 23 [22–25] 
mmHg (Table 1). During progression of hyperthermia, ele-
vated ICP was found in 13 instances (52%) where it was ini-
tially normal, with a median value of 24 [22–28] mmHg, 
while further progression of intracranial hypertension 
occurred in all eight instances (100%) where ICP was ini-
tially elevated (Table 1), and the ICP value increased signifi-
cantly to 31 [27–32] mmHg (p < 0.01).

According to the PRx, CA was intact in 17 observations (52%) 
and impaired in 16 (48%) (Table  2). CA became impaired in 
almost half (47%) of the instances where it was initially intact, 
whereas it recovered in half (50%) of the  instances where it was 
initially impaired (Table 2). Thus, the total numbers of observa-

tions with intact and impaired CA remained the same (17 (52%) 
and 16 (48%), respectively, p > 0.05)).

Analysis of ICP dependence on the initial CA state during 
hyperthermia revealed that the number of episodes of elevated 
ICP increased by 41% in instances where CA was initially 
intact but ICP was above 20 mmHg and by 38% in instances 
where it was initially impaired and ICP was above 20 mmHg 
(p > 0.05) (Table 3). Thus, an increase in ICP during hyper-
thermia occurred both in instances with intact CA and in 
instances with impaired CA.

 Discussion

The existing literature data describing the effects of hyper-
thermia on ICP are controversial. Some researchers believe 
there is a direct linear relationship between the brain tem-
perature and ICP, and that development of hyperthermia is 
thus accompanied by an increase in ICP and progression of 
brain edema [13–15]. Other researchers believe there is no 
correlation between the brain temperature and ICP [12].

In our study, we did not attempt to analyze the correlation 
between cerebral temperature and ICP for the entire monitor-
ing period; however, their correlation during hyperthermia 
was analyzed. We compared the monitoring parameter val-
ues prior to hyperthermia with those during hyperthermia. 
According to our data, ICP parameters changed significantly 
only with development of cerebral hyperthermia above 
38.3 °C. Changes in parameters such as the blood pressure, 
CPP, EtCO2, heart rate, and PRx were bidirectional and non-
significant, whereas the ICP value increased significantly 
during hyperthermia by 6 [quartiles 3–11] mmHg (p < 0.05).

Cerebral temperature measurement is considered a more 
accurate method for temperature monitoring in patients with 

Table 1 Dynamics of intracranial pressure (ICP) during development 
of cerebral hyperthermia, depending on the initial ICP
N = 33 observations (100%)
Median 14 [10–20] mmHg

ICP1 ≤ 20 mmHg: N = 25 (76%)
Median 11 [8–16] mmHg

ICP1 > 20 mmHg: 
N = 8 (24%)
Median 23 [22–25] 
mmHg

ICP2 ≤ 20 mmHg: 
N = 12 (48%)
Median 13 [10–16] 
mmHg

ICP2 > 20 mmHg: 
N = 13 (52%)
Median 24 [22–28] 
mmHg

ICP2 > 20 mmHg: 
N = 8 (100%)
Median 31 [27–32] 
mmHg

The values shown in square brackets are quartiles ranges
ICP1 intracranial pressure before hyperthermia, ICP2 intracranial pres-
sure during hyperthermia, N number of observations

Table 2 Dynamics of autoregulation (as shown by the pressure reac-
tivity index (PRx)) during development of cerebral hyperthermia
N = 33 observations (100%)
Median − 0.01 [range quartiles −0.15 to 0.09]
PRx1 < 0: N = 17 (52%) PRx1 ≥ 0: N = 16 (48%)

PRx2 < 0: 
N = 9 (53%)

PRx2 ≥ 0: 
N = 8 (47%)

PRx2 < 0: 
N = 8 (50%)

PRx2 ≥ 0: 
N = 8 (50%)

N number of observations, PRx  <  0 intact autoregulation, PRx ≥  0 
impaired autoregulation, PRx1 pressure reactivity index before hyper-
thermia, PRx2 pressure reactivity index during hyperthermia. The val-
ues shown in square brackets are quartiles

Table 3 Dynamics of intracranial pressure (ICP) during development of cerebral hyperthermia, depending on the initial autoregulation status (as 
shown by the pressure reactivity index (PRx)) and the initial ICP
N = 33 observations (100%)

Intact autoregulation, PRx < 0: N = 17 Impaired autoregulation, PRx ≥ 0: N = 16
ICP1 < 20 mmHg: N = 14 (82%) ICP1 ≥ 20 mmHg: N = 3 (18%) ICP1 < 20 mmHg: N = 11 (69%) ICP1 ≥ 20 mmHg: N = 5 (31%)

ICP2 < 20 mmHg: N = 7 (41%) ICP2 ≥ 20 mmHg: N = 10 (59%) ICP2 < 20 mmHg: N = 5 (31%) ICP2 ≥ 20 mmHg: N = 11 (69%)

ICP1 intracranial pressure before hyperthermia, ICP2 intracranial pressure during hyperthermia, N number of observations
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acute cerebral pathology, since cerebral hyperthermia is 
associated with secondary brain damage [16, 17].

The detrimental effects of hyperthermia could be 
explained by increases in the release of glutamate (excitotox-
icity) [18], free radicals, and products of lipid peroxidation 
[19]; blood–brain barrier permeability; the severity of brain 
edema [20]; and protein degradation [21].

Development of secondary brain damage during hyper-
thermia can be assessed using the dynamics of the neurologi-
cal status, changes in neuromonitoring parameters (such as 
ICP), and cerebral temperature monitoring, which directly 
indicates the probability of secondary brain damage [11, 12, 
14–17].

In our study, we decided to diagnose hyperthermia by 
measuring the cerebral temperature, thus minimizing any 
controversy that could arise from the temperature gradient 
between the brain and the “core” [11, 12, 15]. In this chapter, 
we do not discuss the difference between hyperthermia and 
fever, because that was not the purpose of our study. It should 
be noted that we defined hyperthermia as an increase in cere-
bral temperature above 38.3 °C.

All patients included in the analysis had signs of cerebral 
edema on CT scanning, and in 24% of instances, ICP was 
already increased ICP (Table 1). These two facts may explain 
the increase in ICP due to the development of hyperthermia. 
In addition, in almost half of all instances (48%), CA was 
impaired according to the PRx (Table 2).

We excluded the increase in blood carbon dioxide (CO2) 
stress because we did not observe a significant increase in 
EtCO2 in the presence of hyperthermia. In our work, we did 
not evaluate brain metabolism, but it is known from the lit-
erature that hyperthermia leads to increases in brain metabo-
lism and brain tissue oxygen consumption, which, through 
perfusion–metabolic coupling, cause a rise in the cerebral 
blood volume and, as a consequence, ICP elevation [13, 22].

Thus, analysis of the monitored parameters revealed that 
development of cerebral hyperthermia was accompanied by 
significant changes only in ICP.  CA impairment during 
hyperthermia was observed in 47% of instances where it was 
initially intact and in 50% of those where it was initially 
impaired. A possible explanation for the autoregulatory 
response recovery phenomenon is increases in arterial blood 
pressure and CPP.

 Conclusion

In this study, cerebral hyperthermia was associated with 
development of intracranial hypertension in 52% of instances 
where ICP was initially normal and further progression of 
intracranial hypertension in all instances where ICP was ini-
tially elevated. The cerebral hyperthermia–associated 

increase in ICP was not associated with impaired cerebral 
autoregulation.
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 Introduction

Cranioplasty (CP) after decompressive craniectomy (DC) 
can improve cerebral blood flow (CBF), cerebrospinal fluid 
(CSF) hydrodynamics, and cerebral metabolism [1–5], thus 
leading to improvements in neurological functions. It was 
previously standard practice to perform CP around 
3–6 months after DC (which is now considered delayed CP) 
in order to reduce postcranioplasty infection rates and the 
need for cerebrospinal fluid diversion [6–8]. However, recent 
studies have suggested that neurological outcomes are better 
when early CP is applied (as soon as brain swelling disap-
pears), without reproducing those complications [9–13]. 
Therefore, there is still uncertainty about how late CP can 
affect neurological status. The aim of this study was to evalu-
ate if we could still detect neurological recovery in those 
patients submitted to late CP longer than 6 months after DC.

 Methods

This was an observational cohort study including patients 
who underwent CP at a neurosurgery tertiary hospital 
between January 2015 and April 2018. The study was 
approved by the local research ethics committee, and 
informed consent was obtained from all participants. The 
study included adult patients aged ≥18 years who had under-
gone a large decompressive craniectomy (for a cranial defect 
area >125 cm2 calculated by computed tomography (CT)). 
For the purpose of the analysis, patients were classified as 
having early CP if the interval between DC and CP was 
≤6 months and late CP if this interval was >6 months.

The primary outcome was the cognitive status assessed 
using the Addenbrooke’s Cognitive Examination Revised 
(ACE-R), evaluated 1 day before CP, 3 days after CP, and 
within 90 days after CP. The secondary outcomes were the 
Mini–Mental State Examination (MMSE) score, Barthel 
Index (BI) score, and Modified Rankin Scale (mRS) score, 
evaluated 1 day before and 90 days after CP. The ACE-R was 
checked with a Brazilian version previously adapted and 
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tested in patients with cognitive compromise [14, 15]. The 
neuropsychological evaluations were carried out by the same 
trained team of a neurosurgeon, a neurointensivist, and a 
psychologist.

 Results

Over the study period, 51 patients were included in the study. 
The average age was 33.4 ± 12.2 years, and most patients 
(66%) were male. The indications for DC were traumatic 
brain injury (TBI) in 73% (37/51), subarachnoid hemorrhage 
(SAH) in 10% (5/51), intracerebral hemorrhage in 8% (4/51), 
stroke in 6% (3/51), and a noninfiltrating tumor in 4% (2/51). 
The mean (± standard deviation (SD)) time between DC and 
CP was 93.2  ±  32.08  days in the early-CP group and 
608.36 ± 485.39 in the late-CP group (Table 1).

We observed general increments in the cognitive and 
functional scale scores 90  days after CP, especially in the 
late-CP group (Table 2). ACE-R was the only cognitive scale 
also tested 3 days after CP, and the scores increased from the 

time point before CP to 3 days after CP in both the late-CP 
group (51 ± 28.94 versus 53.1 ± 30.39 points, P = 0.016) and 
the early-CP group (41.6 ± 32.89 versus 44.6 ± 33.47 points, 
P  =  0.199). However, only in the late-CP group did the 
MMSE score increase from the time point before CP to 
90 days after it (18.54 ± 1.51 versus 20.34 ± 1.50, P = 0.003) 
(Table 2).

Considering functional status, the mRS score increased 
from the time point before CP to 90 days after it in both the 
early-CP group (2.45 ± 0.47 versus 1.67 ± 0.54, P = 0.0001) 
and the late-CP group (2.07  ±  0.22 versus 1.74  ±  0.20, 
P  =  0.015), but only the late-CP group increased their BI 
scores from the time point before CP to 90  days after it 
(79.84 ± 4.66 versus 85.62 ± 4.10, P = 0.028).

 Discussion

Our results are only partially in agreement with those of pre-
vious studies, which showed better results with early CP in 
terms of functional status [10, 11, 16]. In fact, surprisingly, 

Table 1 Baseline characteristics of patients undergoing early and late cranioplasty (CP)
Overall Early CP Late CP P value

Patients [n (%)] 51 (100) 9 (18) 42 (82)

Reason for DC [n (%)] 0.45

  TBI 37 (72) 7 30

  SAH 5 (10) 2 3

  ICH 4 (8) 0 4

  Stroke 3 (6) 0 3

  Tumor 2 (4) 0 2

Age [years; mean ± SD] 33.4 ± 12.2 32.78 ± 14.41 33.62 ± 11.86 0.853

Male sex [n (%)] 33 (66.6) 6 (66.7) 31 (73.8) 0.692

Time between DC and CP [days; mean ± SD] 399 ± 480 93.2 ± 32.08 608.36 ± 485.39

DC location [n (%)] 0.669

  Right DC 21 (40) 4 (44.4) 17 (40.4)

  Left DC 27 (54) 5 (55.6) 22 (52.4)

  Bifrontal DC 3 (6) 0 3 (7.2)

Cognition before CP [mean ± SD]

  ACE-R score 48.47 ± 4.94 35.17 ± 33.37 51.97 ± 28 0.287

  MMSE score 18.87 ± 9.64 20.5 ± 10.78 24.09 ± 7.32 0.464

Functionality before CP [mean ± SD]

  BI score 79.32 ± 30.14 71 ± 44.21 80.63 ± 28.10 0.659

  mRS score 2.16 ± 1.50 2.63 ± 1.5 2.07 ± 1.5 0.345

A paired-samples Student’s t test was applied for these comparisons
ACE-R Addenbrooke’s Cognitive Examination Revised, BI Barthel Index, DC decompressive craniectomy, ICH intracranial hemorrhage, MMSE 
Mini–Mental State Examination, mRS Modified Rankin Scale, SAH subarachnoid hemorrhage, SD standard deviation, TBI traumatic brain injury
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we observed cognitive improvement in the late-CP group. 
The cognitive improvement occurred very early, just 3 days 
after CP, even in the late-CP group, reinforcing a possible 
mechanical effect of CP. Moreover, cognitive improvement 
in the late-CP group occurred in both aggregated and more 
detailed cognitive scales. Like our study, the study by Corallo 
et al. considered 6 months as the interval between early and 
late CP after DC and observed that cognitive improvement 
was similar in both the early- and late-CP groups [7]. Songara 
et al. demonstrated better cognitive function results when CP 
was performed up to 3 months after DC [13]. In a recent sys-
tematic review, Cola et  al. stated that cognition tends to 
improve as soon as CP is performed [12]. We could perhaps 
attribute the differences in our results, compared with those 
of the other studies, to the heterogeneity of etiologies of DC 
in our study cohort.

Our study had the following limitations. First, we could 
not perform a complex and larger neuropsychological 
appraisal of the patients. Second, we could not determine the 
effects of a shorter interval between DC and CP, because the 
timing of CP was dependent on the scheduling for this proce-
dure in the local public health system? evaluations of cerebral 
blood flow and intracranial pressure with noninvasive meth-
ods would have added important information about the effects 
of cranioplasty [12, 17–19] but were not performed.

 Conclusion

Our study emphasizes the importance of CP in the improve-
ment of neurological function. According to our results, even 
late CP can favorably improve neurological status.

Conflict of Interest: The authors have no conflict of interest to 
declare.
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Table 2 Global neurological assessment of patients undergoing early and late cranioplasty (CP)

Overall Early CP Late CP

Before CP 
[mean ± SD]

90 days after 
CP 
[mean ± SD]

P 
value

Before CP 
[mean ± SD]

90 days after 
CP 
[mean ± SD]

P 
value

Before CP 
[mean ± SD]

90 days after 
CP 
[mean ± SD]

P 
value

ACE-R 
score

49.66 ± 29.20 56.89 ± 30.22 0.009 41.60 ± 32.89 49.60 ± 31.17 0.009 51 ± 28.94 58.10 ± 30.46 0.0001

MMSE 
score

18.87 ± 9.64 19.73 ± 9.16 0.008 20.66 ± 3.53 22.06 ± 3.38 0.468 18.54 ± 1.51 20.34 ± 1.50 0.003

BI 
score

79.32 ± 30.14 86.08 ± 24.94 0.022 71 ± 44.21 79.07 ± 12.05 0.608 80.63 ± 28.1 85.62 ± 4.10 0.028

mRS 
score

2.16 ± 1.5 1.76 ± 1.37 0.0001 2.45 ± 0.47 1.67 ± 0.54 0.0001 2.07 ± 0.22 1.74 ± 0.20 0.015

A paired-samples Student’s t test was applied for these comparisons. Significant P values are shown in bold text
ACE-R Addenbrooke’s Cognitive Examination Revised, BI Barthel Index, MMSE Mini–Mental State Examination, mRS Modified Rankin Scale, 
SD standard deviation
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 Introduction

In patients who have undergone a decompressive craniec-
tomy (DC), cranioplasty (CP) can potentially improve neu-
rological symptoms and cerebral blood flow (CBF) [1–5]. 
However, the literature is lacking regarding those improve-
ments in patients with different etiologies of DC. The aim of 
this study was to investigate the effects of CP on neurologi-
cal status and cerebral hemodynamics in patients with and 
without TBI.

 Methods

This was a prospective observational study at a single center 
in a middle-income country. It included patients who under-
went CP after DC between January 2015 and April 2018. The 
study was approved by the local research ethics committee, 
and informed consent was obtained from all participants.

Adult patients (aged ≥18  years) who had undergone a 
large DC (for a cranial defect area >125 cm2 calculated by 
computed tomography (CT) on a GE workstation with 

Advantage Workstation version 4.4 software) were included 
in the study. The exclusion criteria were absence of informed 
consent, CP performed to correct a small or moderate scalp 
defect, and the need to remove the cranial prosthesis because 
of infection or rejection. CBF was studied by transcranial 
Doppler ultrasound (TCD), analyzing the mean velocity 
(MV) of flow in the ipsilateral and contralateral middle cere-
bral arteries. The neurological status was checked using the 
Mini–Mental State Examination (MMSE), Barthel Index 
(BI), and modified Rankin Scale (mRS). All evaluations 
were performed 1 day before CP and again 90 days after it. 
The patients were grouped as TBI patients and non-TBI 
patients.

 Results

Of the 51 patients included in the study, 37 had TBI and 14 
did not. The TBI group was younger (28.86 ± 9.71 versus 
45.64 ± 9.55 years, P = 0.0001), with a greater proportion of 
men than the non-TBI group (31 versus 6, P  =  0.011) 
(Table 1).
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In both groups, there was an improvement in MMSE and 
mRS scores 90 days after CP. However, BI scores increased 
only in non-TBI patients (Table 2).

In TBI and non-TBI patients, the MV of blood flow before 
CP was lower in the middle cerebral artery ipsilateral to the 
cranial defect than in the contralateral one (Table 3). In the 

TBI group, there was an increase in MV in the ipsilateral 
artery from the time point before CP to 90  days after it 
(34.24  ±  11.02 versus 42.14  ±  10.19  cm/s, P  =  0.0001). 
However, in non-TBI patients, the MV in that artery did not 
change over that time.

Table 1 Baseline characteristics of patients with and without traumatic brain injury (TBI) undergoing cranioplasty (CP) after decompressive 
craniectomy

Overall TBI group Non-TBI group P value
Patients [n (%)] 51 (100) 37 (73) 14 (27)

Reason for DC [n (%)]

  TBI 37 (72)

  SAH 5 (10)

  ICH 4 (8)

  Stroke 3 (6)

  Tumor 2 (4)

Age [years; mean ± SD] 33.4 ± 12.2 28.86 ± 9.71 45.64 ± 9.55 0.0001

Male sex [n (%)] 33 (66.6) 31 (83.7) 6 (42.8) 0.011

Time between DC and CP [months; mean ± SD] 13.3 ± 16.07 16.84 ± 16.56 18.31 ± 15.23 0.774

MMSE score before CP [mean ± SD] 18.87 ± 9.64 22.90 ± 8.37 25.40 ± 6.29 0.394

BI score before CP [mean ± SD] 79.32 ± 30.14 84.62 ± 27.85 66.82 ± 32.96 0.101

mRS score before CP [mean ± SD] 2.16 ± 1.50 1.86 ± 1.53 2.45 ± 1.75 0.299

A paired-samples Student’s t test was applied for these comparisons. Significant P values are shown in bold text
BI Barthel Index, DC decompressive craniectomy, ICH intracerebral hemorrhage, MMSE Mini–Mental State Examination, mRS Modified Rankin 
Scale, SAH subarachnoid hemorrhage, SD standard deviation

Table 2 Global neurological assessment of patients with and without traumatic brain injury (TBI) undergoing cranioplasty (CP)

TBI group Non-TBI group

Before CP 90 days after CP P value Before CP 90 days after CP P value
MMSE score [mean ± SD] 19.31 ± 9.65 20.13 ± 8.84 0.028 17.6 ± 10.01 18.63 ± 10.32 0.002

BI score [mean ± SD] 84.61 ± 27.85 83.57 ± 27.14 0.416 66.81 ± 32.96 93.88 ± 14.95 0.015

mRS score [mean ± SD] 2 ± 1.43 1.59 ± 1.38 0.005 2.61 ± 1.66 2.07 ± 1.38 0.048

A paired-samples Student’s t test was applied for these comparisons. Significant P values are shown in bold text
With regard to the MMSE, BI, and mRS scores, there was no significant difference between the TBI and non-TBI groups before CP (P = 0.394, 
P = 0.101, and P = 0.299, respectively) or after CP (P = 0.592, P = 0.886, and P = 0.258, respectively)
BI Barthel Index, MMSE Mini–Mental State Examination, mRS Modified Rankin Scale, SD standard deviation

Table 3 Mean velocity (MV) of blood flow in the middle cerebral arteries ipsilateral and contralateral to the cranial defect in patients with and 
without traumatic brain injury (TBI) undergoing cranioplasty (CP)

TBI group Non-TBI group

Before CP 90 days after CP P value Before CP 90 days after CP P value
Ipsilateral MV [cm/s; mean ± SD] 34.24 ± 11.22a 42.14 ± 10.19b 0.0001 33.12 ± 11.87a 32.90 ± 10.40b 1

Contralateral MV [cm/s; mean ± SD] 48.89 ± 16.11 43.06 ± 13.68 0.145 44.08 ± 12.41 44.06 ± 17.71 1

P value 0.0001 0.680 0.0001 0.0001

A paired-samples Student’s t test was applied for these comparisons. Significant P values are shown in bold text
SD standard deviation
aBefore CP, both TBI patients and non-TBI patients had low MV values in the ipsilateral middle cerebral artery (34.24  ±  11.22 versus 
33.12 ± 11.87 cm/s, P = 0.764)
bNinety days after CP, TBI patients had higher MV values in the ipsilateral middle cerebral artery than non-TBI patients (42.14 ± 2.01 versus 
32.90 ± 3.30 cm/s, P = 0.017)
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 Discussion

This was a prospective study of patients with DC of different 
etiologies who underwent CP.  In our cohort, TBI patients 
were younger than non-TBI patients, and a greater propor-
tion of them were men. These differences reflected the char-
acteristics of the TBI population [6]. Moreover, in this study 
population, CP was generally performed at a late stage (about 
1 year after DC), which could be attributed to the character-
istics of the local public health system.

Neurological improvement after CP, including both cog-
nition and functional status, has previously been described in 
TBI patients [7–11]. Our study confirms those previous find-
ings and also provides further insights regarding the out-
comes of non-TBI patients after DC. Even considering the 
small sample of diverse etiologies of DC in non-TBI patients, 
we observed global neurological recovery, reinforcing the 
contribution of CP to neurological outcomes.

Considering cerebral hemodynamics, we observed an ini-
tial asymmetry between the hemispheres. Before CP, both 
TBI patients and non-TBI patients had lower blood flow in 
the middle cerebral artery ipsilateral to the cranial defect 
than in the contralateral one. This initial asymmetry repre-
sents the impact of a cranial defect on the uncovered brain, as 
has previously been reported [12–14], even with different 
methods being used to evaluate CBF [5, 15].

After CP, TBI patients had a comparative increase in MV 
in the middle cerebral artery ipsilateral to the cranial defect. 
Comparing CBF evaluation in both groups before and 90 days 
after CP, we found that initially low CBF persisted after CP 
for longer in non-TBI patients than in TBI patients. In a simi-
lar study using TCD, Kuo et al. observed no CBF improve-
ment in the hemisphere ipsilateral to the cranial defect in TBI 
and non-TBI patients, maybe because the patient numbers in 
that study were small [16]. In another study that included TBI 
patients evaluated with TCD, Ergodan et al. did observe an 
increment in CBF in the hemisphere ipsilateral to the cranial 
defect [12]. Therefore, further research in larger cohorts is 
needed to evaluate CBF changes in TBI versus other causes 
of DC to verify our findings [17].

Another option to explore intracerebral hemodynamics 
would be use of ultrasonography of the optic nerve sheath 
diameter, which is a safe method for noninvasive estimation 
of intracranial pressure [18–23]. It could complement TCD 
and contribute to better understanding of cerebral hemody-
namics before and after CP.

Our study had the following limitations. First, because of 
logistical and financial constraints, we could not apply spe-
cialized and complex neurological evaluations. Second, our 
non-TBI patients presented a mix of different etiologies that 
may have resulted in particular differences in the parameters 
that were evaluated.

Conclusion After CP, there is an improvement in both func-
tional outcome and cognitive function in both TBI and non-
TBI patients, but only TBI patients have an increment in 
CBF velocity after CP.

Conflict of Interest: The authors have no conflict of inter-
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 Introduction

The primary focus of neurocritical care is early detection and 
prevention of secondary brain injury because the impact of 
the primary lesion is often irreversible [1]. Thus, advanced 
multimodal monitoring (MMM) of the brain has been rec-
ommended as an important tool to manage severe acute brain 
injury in intensive care units (ICUs). MMM allows simulta-
neous and continuous assessment of cerebral hemodynam-
ics, oxygenation, and metabolism, providing an individualized 
approach at the bedside [2]. MMM should be done in a con-
tinuous way so as not to overlook clinically significant 
events. Data should be collected simultaneously, time syn-
chronized, and displayed in an integrated fashion [2] to pro-
vide targeted individualized care. MMM of the brain includes 
monitoring provided by different devices, including intracra-
nial pressure (ICP), cerebral perfusion pressure (CPP), cere-
bral oximetry with near-infrared spectroscopy (NIRS), brain 
tissue oxygen partial pressure (pbtO2), and cerebral blood 
flow (CBF) evaluated by transcranial Doppler ultrasonogra-
phy and/or by thermal diffusion flowmetry.

Use of the pressure reactivity index (PRx) for continuous 
assessment of autoregulation and optimal CPP [3] is the ful-
crum of MMM and is feasible at the bedside [4]. Impaired 
autoregulation leads to secondary injury and is an indepen-

dent predictor of a fatal outcome following acute brain injury 
(ABI) [4]. Although there are retrospective published data on 
the association between cerebral autoregulation and acute 
brain injury outcomes [5–8], suggesting that preserved auto-
regulation leads to a better prognosis, there is a lack of robust 
evidence that use of MMM (including PRx) and treatment by 
a dedicated team contributes to better outcomes. Outcomes 
at ICU discharge, 28 days, 3 months, and 6 months can be 
assessed with use of the Glasgow Outcome Scale (GOS). A 
GOS score of 1 means death, a score of 2 means a persistent 
vegetative state, a score of 3 means severe disability, a score 
of 4 means moderate disability, and a score of 5 means good 
recovery [9].

The aim of this study was to determine if MMM has 
implications for mortality and outcomes in patients with 
severe acute brain injury—namely, severe aneurysmal sub-
arachnoid hemorrhage (SAH) or severe traumatic brain 
injury (TBI).

 Materials and Methods

 Patient Selection

This study included all patients admitted with a diagnosis of 
severe aneurysmal SAH or severe TBI to two general ICUs 
and one neurocritical care ICU (level III) in the same inten-
sive care department at Centro Hospitalar Universitário São 
João between March 2014 and December 2016. Severity was 
defined by clinical evaluation and the decision to manage the 
patient with level III care. A total of 389 patients were 
included in the study.

Patients less than 18  years old, pregnant females, and 
patients with expected survival of <3 days were excluded. 
The research ethics committee at Centro Hospitalar 
Universitário São João approved the study protocol and data 
collection.
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 Data Collection

Patient files were reviewed retrospectively, and data on sev-
eral demographic and clinical variables were recorded—
namely, the patient’s age, sex, Glasgow Coma Scale score at 
ictus and at hospital admission, pupillary response at admis-
sion, blood glucose level, blood pressure (absence or pres-
ence of hypotension, defined as systolic arterial blood 
pressure <90 mmHg), oxygenation (absence or presence of 
hypoxemia with peripheral oxygen saturation (SpO2) of 
<90%), and the presence or absence of seizures. Disease 
severity and mortality prediction on admission were calcu-
lated by use of the Simplified Acute Physiology Score (SAPS 
II). For SAH, other scales of severity were also used: the 
Hunt and Hess Scale, the Fisher Scale [10], and the World 
Federation of Neurological Surgeons (WFNS) Grading Scale 
[11, 12].

With regard to systemic monitoring, all patients were 
managed with a Philips Intellivue multiparameter monitor, 
which allowed continuous bedside acquisition of electro-
cardiographic, heart rate, respiratory rate, invasive arterial 
blood pressure, pulse oximetry, and end-tidal CO2 data. 
With regard to MMM of the brain [4], ICP wave, CPP, 
NIRS, pbtO2, and CBF data were recorded. For evaluation 
of autoregulation, PRx was continuously calculated at the 
bedside, using ICM+ software. PRx was calculated as the 
Pearson coefficient between 30 consecutive 10-s averaged 
values of arterial blood pressure (ABP) and corresponding 
ICP signals. A positive correlation between ABP and ICP at 
a low frequency indicates passive cerebral vessels and 
impaired autoregulation. A zero or negative correlation 
indicates intact autoregulation [5]. The optimal CPP is the 
CPP value with the lowest associated PRx value. Outcomes 
at ICU discharge, 28 days, 3 months, and 6 months were 
assessed with use of the GOS.

 Statistical Analysis

Continuous variable data were expressed as mean values with 
standard deviations or medians and 25th–75th percentile 
ranges. Categorical variable data were presented as numbers 
(n) and percentages (%). The GOS score was dichotomized 
into a poor outcome (GOS score ≤ 3) and a good outcome 
(GOS score > 3), and comparative analysis was performed for 
all patients and also separately for the two subgroups of 
patients with TBI and SAH. When a hypothesis about continu-
ous variables was being tested, nonparametric Mann–Whitney 
or Kruskall–Wallis tests were used, as appropriate, taking into 
account normality assumptions and the number of groups 
compared. When a hypothesis about categorical variables was 

being tested, a χ2 test and a Fisher’s exact test were used, as 
appropriate. To gain more thorough understanding of the fac-
tors associated with a poor outcome and mortality (dependent 
variables), univariate and multivariate logistic regression mod-
eling was used with sex, age, glycemia, hypotension, and the 
Glasgow Coma Scale at first aid and the kind of ICU (general 
versus NeuroCritical) as independent variables.

The significance level used was 0.05. Statistical analyses 
was performed using SPSS version 24.0 software.

 Results

The total studied population consisted of 389 patients: 95 
with SAH and 294 with TBI. The overall median age was 
61 (17–97) years; the median ages were 64 years in patients 
with SAH and 60 years in those with TBI. The ICU lengths 
of stay (LOSs) for SAH and TBI were 12 (6–28) and 15 
(8–23) days, respectively, and the hospital LOSs were 29 
(18–52) and 30 (17–49) days, respectively, with no statisti-
cal differences between the two groups. The SAPS II score 
was 44  in patients with SAH and 32  in those with TBI 
(P < 0.0001). There were no differences between SAH and 
TBI in terms of the pupillary response at hospital admis-
sion. With regard to hypoxia, 29 patients with TBI versus 
only 3 with SAH presented SpO2 values <90% (P = 0.039). 
Hypotension was also more frequent in TBI patients than 
in SAH patients (12.6% versus 4.2%, P = 0.021). In terms 
of metabolic control, 39.8% of TBI patients versus 23.2% 
of SAH were hyperglycemic and 57.1% of TBI patients 
versus 68.4% of SAH patients were normoglycemic 
(P = 0.003).

With regard to outcomes at ICU discharge, 47.4% of 
patients with SAH had a poor outcome, compared with 
77.1% of those with TBI (P < 0.001). Good outcomes were 
recorded in 55.3% of patients with SAH versus 31.6% of 
those with TBI at 28 days (P < 0.001), 74.7% versus 50.2% 
at 3 months (P < 0.001), and 81% versus 56.5% at 6 months 
(P < 0.001) (Table 1).

Of the 259 males, 221 had TBI and 38 had SAH; of the 
130 females, 73 had TBI and 57 had SAH.

A second analysis was done in which two different groups 
were compared: group 1, comprising 69 patients managed 
with MMM and use of PRx; and group 2, comprising 320 
patients managed without MMM in either a general ICU or 
the NCCU.

In this comparison of the above groups, there were no dif-
ferences in age, sex, ICU LOS, or hospital LOS. The median 
Glasgow Coma Scale (GCS) scores at hospital admission 
were 4 (3–12) in group 1 versus 8 (3–13) in group 2 
(P = 0.050). The median SAPS II scores were 40 (29–49) in 
group 1 versus 43 (33–55) in group 2 (P = 0.047) (Table 2).
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With regard to outcomes, good outcomes were seen in 
59% of group 1 versus 24% of group 2 at ICU discharge, 
65% versus 30% at 28 days, and 77% versus 51% at 3 months 
(P  <  0.001 at all three times of evaluation). At 6  months, 
good outcomes were seen in 78% of group 1 versus 59% of 
group 2 (P = 0.005).

The mortality rates were 7% in group 1 versus 19% in 
group 2 at ICU discharge (P =  0.020), 7% versus 20% at 
28 days (P = 0.013), 9% versus 25% at 3 months (P = 0.008), 
and 13% versus 25% at 6 months (P = 0.039).

When outcomes were adjusted for injury severity (evalu-
ated by SAPS II) with poor outcome as a dependent variable, 
the odds ratios were 0.215 at ICU discharge (P  <  0.001), 
0.234 at 28 days (P < 0.001), 0.338 at 3 months (P < 0.001), 

and 0.474 at 6  months (P  =  0.044). Thus, the differences 
between groups 1 and 2 persisted despite adjustment for 
injury severity.

Table 1 Demographic and clinical variables, outcome, and survival in 
subarachnoid hemorrhage (SAH) and traumatic brain injury (TBI) 
patients

SAH
(n = 95)

TBI
(n = 294)

P 
valuea

Male sex [n (%)] 38 (40) 221 (75) <0.001b

Age [years; median (P25–P75)] 64 
(43–78)

60 
(48–75)

0.530c

Length of stay [days; median (P25–P75)]

  In ICU 12 (6–28) 15 (8–23) 0.807c

  In hospital 29 
(18–52)

30 
(17–49)

0.704c

SAPS 
II score [median (P25–P75)]

32 
(24–48)

44 
(37–55)

<0.001c

Mortality adjusted for the SAPS 
II score [%; median (P25–P75)]

14 (6–44) 33 
(20–56)

<0.001c

Treatment location [n (%)] <0.001b

  Neurocritical care unit 77 (81) 160 (55)

  UCIPU: General ICU 1 7 (7) 60 (20)

  UCIPG: General ICU 2 11 (12) 74 (25)

Poor outcome [n (%)]d

  In ICU 45 (47) 226 (77) <0.001b

  At 28 days 38 (45) 171 (68) <0.001b

  At 3 months 20 (25) 107 (50) <0.001b

  At 6 months 15 (19) 87 (43) <0.001b

Mortality [n (%)]e

  In ICU 14 (15) 51 (17) 0.545b

  At 28 days 11 (13) 47 (19) 0.217b

  At 3 months 11 (14) 51 (24) 0.068b

  At 6 months 11 (14) 50 (25) 0.044b

ICU intensive care unit, P25 25th percentile, P75 75th percentile, SAPS 
II Simplified Acute Physiology Score
aSignificant P values are shown in bold text
bχ2 test
cKruskall–Wallis test
dPoor outcome: Glasgow Outcome Scale score between 1 and 3
eMortality: Glasgow Outcome Scale score of 1

Table 2 Comparison between subarachnoid hemorrhage (SAH) and 
traumatic brain injury (TBI) patients managed with and without multi-
modal monitoring (MMM) of the brain

With 
MMM
(n = 69)

Without
MMM
(n = 320)

P 
valuea

Male sex [n (%)] 45 (18) 214 (83) 0.791b

Age [years; median (P25–P75)] 58 
(41–69)

63 
(49–79)

0.057c

Length of stay [days; median (P25–P75)]

  In ICU 23 
(15–29)

13 (7–22) <0.001c

  In hospital 41 
(26–67)

26 
(16–47)

<0.001c

SAPS 
II score [median (P25–P75)]

40 
(29–49)

43 
(33–55)

0.047c

SAPS II mortality [%; median 
(P25–P75)]

25 
(11–44)

31 
(16–58)

0.049c

GCS at first aid: local [median 
(P25–P75)]

10 (6–14) 12 (7–14) 0.409c

GCS score: hospital [median 
(P25–P75)]

4 (3–12) 8 (3–13) 0.050c

Injury [n (%)] 0.057b

  SAH 23 (33) 72 (23)

  TBI 46 (67) 248 (73)

Hypoxia [n (%)] 0 (0) 32 (10) 0.006b

Hypotension [n (%)] 1 (1) 40 (13) 0.007b

Glycemia [n (%)] 0.144b

  Normoglycemia 44 (64) 189 (59)

  Hypoglycemia 0 (0) 17 (5)

  Hyperglycemia 25 (36) 114 (36)

Poor outcome [n (%)]d

  In ICU 28 (41) 243 (76) <0.001b

  At 28 days 24 (35) 185 (70) <0.001b

  At 3 months 15 (23) 112 (49) <0.001b

  At 6 months 14 (22) 88 (41) 0.005b

Mortality [n (%)]e

  In ICU 5 (7) 60 (19) 0.020b

  At 28 days 5 (7) 53 (20) 0.013b

  At 3 months 6 (9) 56 (25) 0.008b

  At 6 months 8 (13) 53 (25) 0.039b

GCC Glasgow Coma Scale, ICU intensive care unit, P25 25th percen-
tile, P75 75th percentile, SAPS II Simplified Acute Physiology Score
aSignificant P values are shown in bold text
bχ2 test
cMann–Whitney test
dPoor outcome: Glasgow Outcome Scale score between 1 and 3
eMortality: Glasgow Outcome Scale score of 1
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However, when mortality was adjusted for the SAPS II 
score, there were no significant differences between groups 1 
and 2.

 Discussion

Our comparison between TBI and SAH confirmed our clini-
cal and subjective perceptions that at baseline, TBI patients 
are more severely injured; in fact, they had higher SAPS II 
scores and higher rates of hypoxemia and hypotension. 
Although there were no differences in mortality between 
these two groups until 6 months (at which stage, mortality 
was higher in TBI patients), their outcomes were clearly dif-
ferent, and patients with SAH had better outcomes than those 
with TBI. We hypothesized that this might depend on the ini-
tial insult and inability to promptly revert causes of secondary 
lesions, such as hypoperfusion and hypoxemia, since the ini-
tial diagnosis (either TBI or SAH) did not limit or direct the 
type of monitoring used in each patient. Another hypothesis 
was that if MMM was used in patients with acute brain injury, 
their prognoses would be better. For that reason, we analyzed 
two different groups on the basis of use or nonuse of 
MMM. Despite statistical differences between the two groups 
at baseline, when the results were adjusted for severity scores, 
outcomes were better in patients who received MMM (includ-
ing use of PRx). Whether this benefit arose from use of all of 
the monitoring devices together or from use of one device in 
particular warrants further investigation.

 Conclusion

Despite the limitations of a small population (n = 389), our 
study showed that use of MMM was beneficial. Outcomes at 
all points of evaluation were better in patients managed with 
MMM. Regarding mortality the group with MMM had lower 
mortality rates. Use of a dedicated team to manage patients 
with acute brain lesions may contribute to improve outcomes 
and reduce mortality. However, this work warrants further 

validation, preferably in a multicenter, randomized, con-
trolled study.
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 Introduction

Decompressive craniectomy (DC) is an important tool for 
control of intracranial hypertension [1]. It can reduce mortal-
ity but may increase the number of survivors in a vegetative 
state [2, 3]. The functional outcome after DC is dependent on 
accurate evaluation of the indications for it, and it should not 
be performed in patients with a poor prognosis [4, 5].

Data on outcomes after DC usually come from high- 
income countries [2, 3]. It is possible that the profile of 
patients who undergo DC, as well as their conditions, are 
different in other countries [6]. In this study, we investigated 
the long-term functional outcome of patients who underwent 
DC at a tertiary neurosurgery hospital in a middle-income 
country. The aim of the study was to evaluate the outcome 
after DC in patients with different pathologies in a middle- 
income country.

 Materials and Methods

This was a prospective observational study of patients under-
going DC in a single tertiary hospital in southern Brazil 
between January 2015 and December 2018. All patients 
undergoing DC in the hospital during that period were 

included, whether it was primary or secondary DC and 
regardless of the etiology. A Glasgow Outcome Scale (GOS) 
score of 4 or 5 at 6 months after DC was considered a favor-
able outcome.

When the lesion was limited to one cerebral hemisphere, 
unilateral hemicraniectomy was performed. For bilateral or 
frontal lesions, bifrontal craniectomy was chosen. The surgi-
cal technique used was similar to that described by Ragel 
et al. [7], with minimal adaptations. In our service, we usu-
ally perform watertight closure duraplasty with pericranium. 
Patients receiving intracranial pressure (ICP) monitoring 
were treated for intracranial hypertension when the ICP was 
≥22 mmHg, sustained for ≥5 min.

Statistical analysis was performed using SPSS version 20 
software. We considered probability values lower than 5% 
(P < 0.05) as statistically significant. Quantitative data were 
expressed as mean  ±  standard deviation. Categorical data 
were expressed as frequency and percentage. A Student’s t 
test was used for quantitative variables, and a χ2 test was used 
for nominal variables. Logistic regression analysis was per-
formed to determine independent risk factors for an unfavor-
able clinical outcome (GOS scores of 1, 2, or 3) at 6-month 
follow-up. The study was approved by the local institutional 
ethical committee.

 Results

In our sample, 125 patients underwent DC in this 4-year 
period. Most of our patients (57.6% (72/125)) underwent DC 
because of a traumatic brain injury (TBI) (Table  1). The 
mean age was 45.18 ± 19.6 years, and 71% were men. The 
mean initial Glasgow Coma Scale (GCS) score was 7.8 ± 3.6. 
The mean lengths of stay were 16.1 ± 12.7 days in the inten-
sive care unit (ICU) and 40.3  ±  48.3  days in the hospital. 
Primary DC represented 89.6% of cases (112/125). Left-side 
hemicraniectomy was the most frequently performed 
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 procedure (49.6%), followed by right-side hemicraniectomy 
(45.6%) and bifrontal craniectomy (4.8%).

The hospital mortality rate was 44.8% (56/125). Among 
survivors, 50.7% (35/69) had a favorable outcome (with a 
GOS score of 4 or 5) 6 months after DC (Fig. 1). After mul-
tivariate analysis (which also included sex and the reasons 
for DC), a lower initial GCS score (7.5 ± 3.6 versus 8.8 ± 3.5 
points, P  =  0.007) and older age (49.7  ±  18.9 versus 
33.3 ± 16.2 years, P = 0.0001) were associated with an unfa-
vorable outcome (with a GOS score of 1, 2, or 3) (Table 1). 
Patients with an unfavorable outcome also had greater 
lengths of stay in the ICU and in the hospital (Table 1).

 Discussion

In our study, the in-hospital mortality rate after DC was 
around 45%. Half of the survivors had a favorable outcome 
6 months after DC.

This in-hospital mortality rate after DC was greater 
than those previously reported from centers in high-income 
countries (which are around 20% even for TBI and for 
malignant brain infarction (MBI)) but lower than those 
reported from low-income world regions (60–70%) [2, 8, 
9]. It must be noted that our sample consisted of patients 
treated at a neurosurgical referral center in a middle-
income country. Unfortunately, there are still few data 
available regarding the profiles of patients undergoing DC 
in places other than high-income countries [9, 10]. 
Although it is focused only on patients with TBI, we hope 
that the Global Neurotrauma Outcomes Study (GNOS)—a 
multicenter study of TBI patients undergoing emergency 
 neurosurgery—will provide comprehensive information 
about the particulars of DC in low-income countries [11].

Generally, the most common indications for DC are TBI 
and MBI. Although half of our patients had TBI, the other 
had a mix of different etiologies (Table 1). This aspect might 
have contributed to the outcomes we observed. The inci-
dence of TBI is higher in low- and middle-income countries, 

Table 1 Patient characteristics and outcome assessment analysis

Parameter Overall
Outcome

P valuecFavorablea Unfavorableb

Patients [n (%)] 125 (100) 35 (28) 90 (72)

Reason for DC [n (%)] 0.597

  TBI 72 (57.6) 21 (65.6) 51 (54.8)

  Stroke 27 (21.6) 5 (15.6) 22 (23.6)

  ICH, SAH, or AVM 24 (19.2) 6 (18.7) 18 (19.3)

Age [years; mean ± SD] 45.18 ± 19.6 33.3 ± 16.2 49.7 ± 18.9 0.0001

Male sex [n (%)] 87 (71) 22 (68.7) 65 (69.8) 0.470

Initial GCS score [mean ± SD] 7.83 ± 3.6 8.75 ± 3.54 7.5 ± 3.6 0.046

Length of stay [days; mean ± SD]

  In ICU 16.1 ± 12.7 18.21 ± 8.3 15.4 ± 13.8 0.041

  In hospital 40.4 ± 48.3 39.5 ± 17.3 40.5 ± 55.5 0.013

ICP monitoring [n (%)]

  Before DC 11 (8.8) 2 (6.2) 9 (9.67) 0.726

  After DC 38 (30.4) 10 (31.2) 20 (30.1) 0.563

AVM arteriovenous malformation, DC decompressive craniectomy, GCS Glasgow Coma Scale, ICH intracranial hemorrhage, ICP intracranial 
pressure, ICU intensive care unit, SAH subarachnoid hemorrhage, SD standard deviation, TBI traumatic brain injury
aGlasgow Outcome Scale score: 4 or 5
bGlasgow Outcome Scale score: 1, 2, or 3
cSignificant P values are shown in bold text

n

0% 25% 50% 75%

1 - Dead 2 - Vegetative state 4 - Moderate Disability3 - Severe Disability 5 - Good Recovery

56 5 29 23 12

Fig. 1 Glasgow Outcome Scale (GOS) scores 6 months after decompressive craniectomy

C. B. Rynkowski et al.



89

and the associated mortality rate is also higher than those 
observed in high-income countries—an important factor that 
needs to be considered when assessing worldwide mortality 
associated with DC [10, 12]. The outcome after DC is depen-
dent on many factors such as those related to the surgical 
technique, the neurosurgeon’s expertise, the time to the pro-
cedure, the initial etiology and severity of the case, the 
patient’s age, the time to cranioplasty (CP), and the condi-
tions for rehabilitation after DC [8, 13]. Like previously pub-
lished research, our study also found that older age and a 
poor initial neurological status (as shown by a lower Glasgow 
Coma Scale score) were associated with an unfavorable out-
come [9, 10, 13]. We also observed greater lengths of stay in 
the ICU and in the hospital among patients with an unfavor-
able outcome. These results can, of course, be explained by a 
predictably longer hospital stay for patients whose clinical 
and neurological conditions are the most severe.

The timing of DC has a direct impact on the outcome 
because it is related to the duration and severity of brain 
injury before the procedure. If DC is performed too late, it 
can be futile and not save otherwise possibly recoverable 
brain tissue. Although it is focused only on patients with 
TBI could save the patient’s life but with an increased like-
lihood of an unfavorable outcome [2, 3]. However, it can 
be difficult to precisely estimate what proportion of rec-
ommendations for DC are late or ill-advised. The perspec-
tive of neurological recovery after brain injury is also an 
important ethical aspect to be considered in decision mak-
ing about the timing of DC [5].

An important point to take into account, considering 
recovery after DC, is the effect of cranioplasty. In addition to 
enhancing cerebral hemodynamics and metabolism, CP 
leads to functional and global neurological improvements 
[14–16]. In our sample, unfortunately, CP was performed at 
a late stage and no patient underwent CP within 6 months. 
These data reinforce the importance of DC not only as a pro-
cedure that saves lives but also as a procedure that can offer 
a favorable outcome for survivors of a severe brain injury 
[17]. We hypothesize that if our patients could have access to 
early CP and perhaps better rehabilitation protocols, we 
would observe better outcomes.

 Conclusion

DC has an important role to play in improving the outcome 
of patients with a severe brain injury. This procedure can be 
performed with considerable success even in parts of the 
world with poor medical resources, and it has a major impact 
on the survival and prognosis of these patients.
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 Introduction

In neurocritical care patients, delayed extubation is associ-
ated with a longer duration of hospital stay, a higher inci-
dence of pneumonia associated with mechanical ventilation, 
and increased mortality [1]. Few previous studies have estab-
lished the success of extubation in patients with acute neuro-
logical pathology. There is also no available evidence to 
support use of particular variables that—with a reasonable 
margin of safety—can predict the success of extubation in 
this population. Neurocritical care patients commonly 
require mechanical ventilation (MV) and monitoring in an 
intensive care unit (ICU) [1]. The reasons for failed extuba-
tion in brain-injured patients are poorly understood [2, 3]. A 
low Glasgow Coma Scale (GCS) score, inability to follow 
commands, and airway reflexes may be independent of each 
other [4]. Delayed extubation in neurocritical care patients is 
associated with an increased length of stay (LOS) in the ICU, 
a higher incidence of ventilator-associated pneumonia 

(VAP), and a worse outcome, without decreasing the risk of 
extubation failure [4, 5]. There is no evidence available to 
support the use of certain variables over others as predictors 
of successful extubation in these patients.

 Materials and Methods

During a 30-month study period, 34 neurocritical care 
patients aged ≥18 years who required MV for ≥48 h were 
included in this prospective, observational cohort study. The 
study excluded patients in whom tracheostomy was per-
formed before the first extubation attempt.

The study protocol was approved by the ethics committee 
at Hospital Municipal Eva Perón de Merlo. A written consent 
form was signed by each patient’s surrogate. For each patient, 
we recorded data on demographic characteristics, the acute 
neurological disorder, the motor component of the GCS 
score (mGCS), the Acute Physiology and Chronic Health 
Evaluation II (APACHE II) score, the Sequential Organ 
Failure Assessment (SOFA) score, the length of stay (LOS) 
in the ICU, the duration of MV, the Airway Care Score 
(ACS), and the outcome. Patients undergoing extubation 
were categorized by its success or failure.

Successful extubation was defined as weaning and 
absence of ventilatory support for ≥7 days [6]. Univariate 
analysis was performed. Spearman’s ρ was used to quan-
tify the association between the studied predictors and suc-
cessful extubation. To identify independent prognostic 
variables, multiple regression analysis was performed, and 
P values of ≤0.05 were considered significant. For analysis 
of continuous variables, the Mann–Whitney U test was 
applied. To ascertain the association between age and suc-
cess or failure of extubation, Spearman’s ρ was used. A χ2 
test was used for analysis of nominal variables. Statistical 
analysis was performed using IBM SPSS Statistics version 
21 software.
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 Results

During the 30-month study period, 82 patients were admit-
ted. After exclusion of 48 patients (of whom 25 died before 
extubation, 17 underwent tracheostomy, 4 had missing data, 
and 2 self-extubated), 34 patients underwent planned extuba-
tion. A total of 34 patients were included in the study: 21 
(61.8%) with a traumatic brain injury (TBI), 7 (20.6%) with 
an ischemic stroke, 2 (5.9%) with a subarachnoid hemor-
rhage, 2 (5.9%) with meningitis, 1 (2.9%) with status epilep-
ticus, and 1 (2.9%) with a brain tumor. Twenty-five of the 34 
patients (73.5%) achieved successful extubation. None of 
them required reintubation within 7 days. The rate of extuba-
tion failure was 26.5% (9/34). Table 1 shows the patients’ 
demographic data. Table  2 shows the results of univariate 
analysis of extubation success or failure and clinical demo-
graphic data. The following variables had no impact on the 
success or failure of extubation: the duration of MV, 
APACHE II score, mGCS score, SOFA score, mechanical 
ventilation, airway occlusion pressure/maximum inspiratory 
pressure (P 0.1/PIMax), LOS in ICU, and ACS. To identify 
independent prognostic variables, multiple regression analy-
sis was performed, in which P values of ≤0.05 were consid-

ered significant. For analysis of continuous variables, a 
Mann–Whitney U test was applied; the results are shown in 
Table 2. None of the variables that were evaluated in relation 
to the success or failure of extubation showed statistical sig-
nificance, except for the variable of age. The only factor 
independently associated with successful extubation was age 
<42.5 years (Z = −2.014, P < 0.044 with a wide confidence 
interval). To understand the association between age and the 
success or failure of extubation, Spearman’s ρ was used 
(r = 0.351, P < 0.042). The value of 42.5 corresponded to the 
cutoff point found in the decision tree procedure with appli-
cation of the random forest method, which established that 
there was a greater probability of successful extubation when 
the patient’s age was less than 42.5 years; if this is not the 
case, other variables such as the APACHE II score, LOS in 
the ICU, and use of vasopressors must be taken into account.

Of the patients in this study, those whose extubation was 
successful had been mechanically ventilated for 
9.08 ± 4.42 days and those whose extubation failed had been 
mechanically ventilated for 17.33 ± 20.26 days, but the dif-
ference between these two groups was not significant.

An mGCS score of >4 was not associated with successful 
extubation; the scores in patients with successful versus 
failed extubation were 5.64 versus 5.56.

Table 1 Variable description according to predictor of success or failure of extubation
Success/failure

Success Failure

Mean Standard deviation Median Mean Standard deviation Median
Age 39.72 16.43 42.00 51.67 11.74 51.00

APACHE 19.32 7.62 22.00 20.22 4.74 21.00

SOFA 6.20 2.55 6.00 6.11 3.41 6.00

MV duration (days) 9.08 4.42 9.00 17.33 20.16 10.00

ICU length of stay (days) 19.40 15.91 13.00 28.33 20.54 25.00

Glasgow Coma Scale (motor) 5.64 0.49 6.00 5.56 0.53 6.00

PVA 5.28 1.37 5.00 4.78 1.48 5.00

P0l/PIMAx 0.03 0.03 0.02 0.03 0.02 0.03

Table 2 Statistical tests
Test statistica

Age APACHE SOFA MV duration 
(days)

ICU 
LOS

GCS 
(Motor)

PVA P0l/
PIMAx

Mann–Whitney U 61,000 111,000 111,500 93,500 72,000 103,000 90,500 95,500

Wilcoxon W 386,000 436,000 156,500 418,500 397,000 148,000 135,500 420,500

Z −2.014 −0.059 −0.039 −0.744 −1.584 −0.440 −0.883 −0.664

Bilateral asymptotic significance 0.044 0.953 0.969 0.457 0.113 0.660 0.377 0.507

Exact significance [2*(undateral 
significance)]

.045b .969b .969b .465b .120b .730b .397b .514b

aGrouping variable success failure
bNot corrected for draws
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 Discussion

Age was identified as an independent factor associated with 
successful extubation. In our study, the cutoff point for age 
was 42.5 years, which was slightly above the age of 40 years 
identified in other studies focusing on prediction of the suc-
cess of extubation in brain-injured patients [7]. Age has pre-
viously been identified as a risk factor for failure of extubation 
in non-neurological patients >65  years old [8]. Physicians 
should consider the patient’s age when considering extuba-
tion in brain-injured patients >42.5 years old.

In our study, the duration of MV was greater in patients 
with extubation failure. This was in accordance with the 
findings of other studies in the literature [9].

In previous studies, the lowest mGCS score was associ-
ated with an increased risk of extubation failure [10, 11], 
whereas the highest mGCS score was associated with suc-
cessful extubation [12].

The rate of extubation failure in our study was 26.5%. 
This rate was in accordance with those previously described 
in the literature, with reported rates of 20–40% in neurocriti-
cal care patients. Some studies have reported lower failure 
rates of 6–16% in different populations with use of different 
definitions [2, 7, 9, 11].

Our study had many limitations, including its small sam-
ple size, its observational nature, and the fact that it included 
patients treated at only one center.

 Conclusion

In the population we studied, the only significant predictor of 
the success or failure of extubation was the patient’s age: the 
lower the age, the greater the chance of successful extuba-
tion, with a cutoff point of 42.5  years. In brain-injured 
patients above this age, physicians should consider other 
clinical variables when deciding whether to attempt extuba-
tion. These findings need to be validated in larger patient 
cohorts.
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 Introduction

We recently showed that the duration of autoregulation 
impairment correlates with the neurological outcome in chil-
dren and adolescents with a traumatic brain injury (TBI) [1]. 
The current pilot study investigated whether similar mecha-
nisms and relations exist in nontraumatic hypoxic–ischemic 
brain injury following resuscitation. As in TBI, cerebral 
hypoperfusion (which eventually leads to secondary brain 
damage) is a well-described brain insult during resuscitation 
and a leading cause of an unfavorable outcome [2]. It has 
been suggested that changes in cerebral blood flow after car-
diac arrest and the initial resuscitation are the primary rea-
sons for ischemic–hypoxic brain injury [3]. However, 
secondary damage during the first days in ICU is at least as 
likely to happen and needs to be detected and prevented.

Thus, we have established a postresuscitation care proto-
col for children who are intubated and sedated postresuscita-
tion and likely to sustain a low-flow brain injury, which 
includes insertion of a sensor for intracranial pressure (ICP) 
measurement. Measurement and (if needed) lowering of ICP 
alone might not be sufficient to prevent secondary brain 
damage. Maintenance of adequate—preferably optimal—

cerebral perfusion pressure (CPP) is of crucial importance in 
addition to reduction of high ICP. Guidelines for CPP man-
agement following TBI define a wide range of CPP thresh-
olds between 40 and 65 mmHg. As yet, there are no guidelines 
that specifically address management of CPP in ischemic–
hypoxic brain injury.

To optimize cerebral perfusion, CPP can be managed and 
adapted individually, and this includes use of cerebrovascu-
lar autoregulation data—mainly the so-called pressure reac-
tivity index (PRx), which is calculated as the correlation 
index of ICP and arterial blood pressure, as described previ-
ously [4, 5]. In TBI, PRx has been validated as a marker of 
cerebrovascular reactivity [5]. It can predict an unfavorable 
neurological outcome and allows definition of individual 
thresholds for CPP [6–8]. This is true in both adult and pedi-
atric patients [9–12]. We previously showed that indepen-
dent assessment and management of cerebral autoregulation 
is feasible in pediatric patients with TBI and that a longer 
duration of autoregulation impairment is strongly correlated 
with an unfavorable outcome [1].

The current pilot study investigated the value of cerebro-
vascular autoregulation monitoring in pediatric patients after 
resuscitation with clinically significant low-flow time.

 Materials and Methods

The study included pediatric patients postresuscitation and 
with clinical indices of significant cerebral low-flow time 
(e.g., intermittently dilated pupils). At our institution, these 
children underwent initial cranial computed tomography 
(CT) and placement of a right frontal intraparenchymal pres-
sure transducer into the white matter at a depth of 3  cm 
within hours after admission, as soon as coagulation was 
normalized. Blood pressure, ICP, and CPP measurements 
were actively managed to determine and maintain an optimal 
CPP (CPPopt), using the correlation index of arterial blood 
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pressure (ABP) and ICP—PRx—as an indicative factor, as 
has been described previously in patients with TBI [6]. 
Outcomes were scored clinically via use of the Glasgow 
Outcome Scale (GOS) at discharge (GOS0) and at 3 months 
(GOS3). Before discharge to rehabilitation, all children 
underwent cerebral magnetic resonance imaging (MRI) to 
detect or rule out visible areas of cerebral ischemia.

An overview of patient characteristics and causes of car-
diac arrest can be seen in Table 1. All patients were intubated 
and mechanically ventilated, and analgosedation was initi-
ated immediately.

On the basis of their GOS scores, patients were dichoto-
mized into favorable outcomes (with a GOS score of 4–5) 
and unfavorable outcomes (with a GOS score of 2–3). 
Arterial blood pressure was monitored continuously and ref-
erenced to the level of the foramen of Monro. Monitoring 
parameters were digitally sampled via use of ICM+ software 
(Cambridge Enterprise, Cambridge, UK). CPP and PRx 
were calculated as described previously [5]. In the final anal-
ysis, the mean ICP, MAP [mean arterial pressure], CPP, and 
PRx values were calculated for the entire treatment period. 
The patients’ mean overall ICP, CPP, and PRx values were 
evaluated against their outcomes. In addition, the monitoring 
period was segmented into 1-h intervals for each patient. For 
each 1-h interval, the mean ICP, CPP, and PRx values were 
calculated and used to calculate the “dose” of each parameter 
according to thresholds.

The mean PRx values were calculated for each CPP bin as 
the mean of means for the entire cohort. On the basis of simi-
lar thresholds in the literature, a PRx above 0.2 was defined 
as impaired cerebrovascular reactivity, whereas a PRx below 
0 clearly signified intact autoregulation. For each patient, the 
durations of PRx values above 0.2, between 0 and 0.2, and 
below 0 were evaluated as absolute time (hours) and calcu-

lated as percentages of the total monitoring time. The respec-
tive time and percentage values were then dichotomized into 
the favorable and unfavorable outcome groups. With regard 
to ICP thresholds, we assumed that ICP values above 
20 mmHg were critically elevated and those below 15 mmHg 
were normal. Consecutively, the percentages of the monitor-
ing time with ICP values above 20 mmHg, between 15 and 
20 mmHg, and below 15 mmHg were calculated and dichot-
omized into the favorable and unfavorable outcome groups.

 Results

Eleven children were included in the study. The mean age 
was 5 years and 3 months (range 1 month to 15 years). The 
most frequent cause of circulatory arrest in our cohort was 
drowning (36.3%), followed by hypoxia (18.2%) and other 
reasons for hypotonia. Six of the eleven patients had under-
gone prolonged preclinical cardiopulmonary resuscitation 
(CPR) for >30  min (with the exact duration often being 
undetermined). In-hospital CPR lasted between 5 and 
40 min. Three children died within 24 h: two of them already 
had a “black brain” on their initial CT scan, signifying the 
most severe hypoxic–ischemic brain damage; the third 
received an ICP transducer. Of the eight survivors, three had 
an unfavorable outcome (with a GOS score of 2–3) and five 
had a favorable outcome (with a GOS score of 4–5). The 
overall ABP, ICP, CPP, and PRx values did not differ signifi-
cantly between the two groups. There was a trend toward 
higher ICP and higher PRx values in the unfavorable out-
come group. Table 2 summarizes the basic and overall moni-
toring data. The PRx/CPP plots were dichotomized into the 
favorable and unfavorable outcome groups.

Table 1 Overview of patient characteristics and causes of cardiac arrest

Patient 
number

Age 
(months)

Mechanism of cardiac 
arrest

Duration of CPR 
(min)

Monitoring time 
(h)

GOS score
At hospital 
discharge

At 
3 months

1 3 Septic shock >60 144 2 2

2 40 Unclear >60 84 2 2

3 58 Hypoxia 5 182 1 1

4 4 Hypotonia >60 52 1 1

5 23 Drowning 30 186 4 5

6 64 Drowning ? 114 5 5

7 122 Hemorrhagic shock >60? 134 5 5

8 180 Hypoxia 40 19 1 1

9 51 Hypotonia >60 113 3 3

10 14 Drowning 10 111 5 5

11 132 Drowning >60 110 5 5

CPR cardiopulmonary resuscitation, GOS glasgow outcome scale
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The initial PRx value in the three children with a GOS 
score of 1 was significantly higher than those in the rest of 
the cohort (0.55 (standard error 0.03) versus −0.10 (standard 
error 0.14), P  <  0.001), predicting irreversible generalized 
brain injury without significantly different ICP or CPP val-
ues (Fig. 1). Only in one child (who started with a PRx value 
of >0.2) did treatment efforts lead to restoration of autoregu-
lation, and the outcome was favorable. A PRx value of ≤0.2 
was associated with a favorable outcome in all except one 
child (P = 0.06). This patient had severe but limited ischemia 
in the region of the basal ganglia; therefore, the good auto-
regulation parameters did not correlate with the child’s unfa-
vorable neurological outcome. On their MRI scans, all 
children with a GOS score of 2–3 had areas with signal 
changes compatible with ischemic brain tissue.

Furthermore, in the first 72 h, the survivors’ ICP and CPP 
values calculated from the 1-h bins did not differ between the 
favorable and unfavorable outcome groups and thus carried 
no predictive value. One child with severely disturbed auto-
regulation and a PRx value of >0.2 had significantly higher 
initial mean ICP levels than the rest of the cohort (72.03 ver-
sus 59.00 mmHg, P < 0.001). Subsequently, this child’s ICP 
could not be reduced and autoregulation control was not 
restored; thus, hypoxic–ischemic brain death was inevitable 
(Fig. 2).

Most importantly, the relative dose of PRx ≥0.2 was sig-
nificantly higher in children with an unfavorable outcome 
(60% versus 18%, P < 0.001) (Fig. 3). Conversely, the rela-
tive dose of PRx <0 was associated with a favorable outcome 
(70% versus 25%, P = 0.06). The durations of PRx values 

Table 2 Overview of basic and overall monitoring data in patients 
with favorable and unfavorable outcomes

Patient outcomea

P 
value

Unfavorable [GOS 
score 2–3]

Favorable [GOS 
score 4–5]

Age (months) 56 ± 65.07 71 ± 54.6 0.692

Duration of 
CPR (min)

47.5 ± 22.30 40 ± 24.49 0.629

ABP (mmHg) 74.93 ± 12.98 73.46 ± 7.07 0.826

ICP (mmHg) 21.21 ± 22.40 7.86 ± 1.20 0.220

CPP (mmHg) 53.63 ± 15.74 65.60 ± 7.83 0.158

PRx 0.19 ± 0.06 −0.5 ± 0.43 0.247

ABP arterial blood pressure, CPP cerebral perfusion pressure, CPR car-
diopulmonary resuscitation, GOS Glasgow Outcome Scale, ICP intra-
cranial pressure, PRx pressure reactivity index
aThe values are expressed as mean ± standard deviation
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between 0 and 0.2 did not differ between the favorable and 
unfavorable outcome groups.

 Discussion

The literature on autoregulation after cardiac arrest is sparse 
and is mainly focused on adult patients. In most cases, 
impairment of autoregulation was detected [13]. We add to 
this limited body of knowledge with our findings from this 
pilot study in a pediatric cohort.

Initially compromised cerebrovascular reactivity seems to 
be an adverse prognostic factor [14], and this was also true in 
our cohort. We demonstrated that a dose of poor autoregula-
tion within the first 72 h is likely to be associated with an 
unfavorable outcome. Prognostic signs of insult severity are 
initially poor autoregulation plus inability to restore auto-
regulation despite active attempts to determine and reach/
maintain CPPopt. A further finding from these data is that 
limited brain ischemia, especially in the basal ganglia, is 
unlikely to be detected by global autoregulation monitoring 
via an intraparenchymal ICP transducer. Thus, functional 
overall autoregulation according to the PRx value may still 
result in an individually well explained unfavorable out-
come. This is congruent with our experience in TBI: that ini-
tially poor autoregulation and inability to quickly restore it 
by active CPPopt-guided treatment is a prognostic sign of 
grave initial insult severity [1]. However, further prospective 
data in a sufficiently large patient cohort are needed to sup-
port these new findings and our ensuing hypothesis.

We observed that the duration of a PRx value lower than 
0, as a marker of intact autoregulation, was associated with a 
favorable outcome. This has also been shown previously in 
adults [15].

Interestingly, we saw no prognostic implication of ICP 
levels in our cohort of survivors. This observation supports 
our current hypothesis that the postresuscitation ICP value 
alone is, instead, a discriminant between early death—in 
which severe initial hypoxic–ischemic brain damage results 
in early uncontrollable ICP rises and brain death—and 
survival.

PRx and CPPopt values in the first 3 days, which can be 
calculated only with ICP data and use of dedicated software, 
seem to predict whether the outcome will be favorable or 
unfavorable. Most importantly, by enabling CPP to be opti-
mized and avoiding significant secondary brain damage, they 
may enable a better outcome to be achieved for patients in 
whom secondary damage due to secondary ischemia could 
still “flip the coin” toward an unfavorable outcome.

It must be assumed that cerebrovascular reactivity of the 
precapillary resistance vessels, which is a dynamic phenom-
enon, is not static but changing over the course of time and 

treatment in the ICU [16]. This is why the overall monitoring 
data (over the total monitoring time) did not show significant 
differences between the outcome groups in our study, yet 
assessment of hourly and daily dynamics of autoregulation 
was able to do so. Consequently, continuous bedside moni-
toring should be performed that allows the treating team to 
display not only the current status of CPP, PRX, and CPPopt 
but also the trends and developments during the chosen time 
intervals.

 Conclusion

The PRx threshold for evaluating autoregulation status and 
its correlation with outcomes have not been defined precisely 
in children on the basis of large cohort studies. Like our TBI 
cohort study, the current pilot study showed that an hourly 
mean PRx value that remained above 0.2 continuously for 
more than 24 h was associated with an unfavorable outcome 
in 100% of cases. Thus, we are confident that larger cohort 
studies will confirm that a PRx dose >0.2 for the first 24 h is 
a negative prognostic marker of outcome, whereas a PRx 
dose <0 for the first 24 h is a positive prognostic marker of 
outcome.

The results of this pilot study also suggest that insertion of 
an ICP bolt postresuscitation is a beneficial act that enables 
detection of early fatal cases, has the potential to optimize 
treatment of survivors, and helps to predict the outcome after 
72 h.
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 Introduction

Traumatic brain injury (TBI) has been a leading pathology 
for many years, causing huge social and material damage in 
society [1]. The search for informative markers of brain dam-
age remains an important challenge for predicting the out-
come and treatment of children with TBI.  The diagnostic 
capabilities of magnetic resonance imaging (MRI) and com-
puted tomography (CT) are limited by high capital costs and 
often do not provide information that can predict the conse-
quences and outcome of TBI, particularly in mild TBI 
(mTBI) [2, 3]. Many mTBI diagnoses go undetected because 
of the subtlety of the initial neurological deficit [4]. Problems 
in the search for adequate brain markers include the need for 
neuromarkers that reflect the earliest response of the brain 
and lesions preceding development of secondary damage 
after TBI. Secondary damage includes excessive release of 
the excitatory amino acid glutamate (Glu) in the synaptic gap 
and development of a cascade of excitotoxic reactions, 
including increased proteolytic enzyme activity, lipid and 
protein peroxidation, membrane degradation, and mitochon-
drial de-energization and energy collapse, all of which con-
tribute to neuronal cell death [5, 6]. Many reviews have 
focused on the pathogenesis of TBI, but the roles of the 
immune system and oxidative stress remain underestimated 
[7, 8]. Oxidative stress and damage to glutamate receptors 
(GluR), with development of an autoimmune response to 
fragments of GluR, play important roles in the pathological 

chain of reactions to secondary brain injury [9, 10]. Along 
with traditional neuromarkers (S100b and neuron-specific 
enolase (NSE)), brain injury markers such as antibodies 
(aAb) to GluR, their degradation products (peptides), nitric 
oxide (NO), and its product 3-nitrotyrosine (NT) may be 
useful for understanding of TBI pathogenesis and may indi-
cate development of hypoxia and neuroinflammation [11].

 Materials and Methods

In this study, the severity of TBI in 159 children aged 
>3 years was evaluated on the basis of the Glasgow Coma 
Scale score (GCS), and the children were divided into the 
following groups: mTBI (GСS 14–15; 100 children), mod-
erate TBI (mdTBI) (GСS 9–13; 25 children), and severe 
TBI (sTBI) (GСS <9; 34 children). The outcomes of TBI 
were evaluated according to the Glasgow Outcome Scale 
score (GOS): full recovery (GOS 5), moderate disability 
(GOS 4), high disability (GOS 3), vegetative status (GOS 
2), and death (GOS 1). Venous blood samples were inves-
tigated on days 1–2, as were the dynamics during the first 
2  weeks after TBI.  Biomarker levels in blood serum or 
plasma were determined with an enzyme-linked immuno-
sorbent assay (ELISA) and colorimetric methods: S100b 
and NSE (CanAg), 3- nitrotyrosine (Hycult Biotech), and 
the αII-spectrin breakdown product SBDP145 (Cusabio 
Biotech). Nitrogen oxide (NOx) was measured as “nitrites 
and nitrates” in plasma (Calbiochem, R&D Systems). The 
levels of antibodies to NR2(NMDA) and GluR1(AMPA) 
and NR2 and AMPA peptides of GluR were measured 
using a method developed by Dambinova et  al. [12, 13]. 
For control values and calculations, we used data on the 
upper limits of normal marker ranges prescribed by devel-
opers and our own data from children without neurological 
pathology. Statistical evaluation of the data was carried out 
using Statistica version 6 (StatSoft) and Excel (Microsoft) 
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software. Differences between parameters were compared 
by means of a Kruskal–Wallis analysis of variance 
(ANOVA). P values of <0.05 were considered significant 
and represented as means ± standard errors of the means. 
Graphics were processed using Prism software (GraphPad).

 Results

In the first 2 days, almost all of the children had increases 
in serum levels of NSE and S100b. In the following days, 
decreases in these proteins were observed in those with 
GOS 3, 4, and 5, whereas further increases in their levels 
was observed in those with a lethal outcome (GOS 1) 
(Table 1).

We found that immediately after TBI, there was an 
increase in the level of nitrites and nitrates (NOx); the more 
severe the damage, the higher the plasma level of these NO 
metabolites (Table 2). We also noted the appearance of the 
protein nitrosation product NT in the plasma of children with 
TBI. At the onset of mTBI, 25% of the children developed a 
measurable NT level. The highest NT level was found in 
children with a lethal outcome of combined TBI (the NT 
level reached 1890 nmol/L in mdTBI and 8101 nmol/L in 
sTBI).

In the first 2 days, we also detected traces of SBDP145 in 
the plasma of children with mTBI (0.036 ± 0.012 ng/mL) 
and mdTBI (0.119 ± 0.023 ng/mL).

Figure 1a, b, c, d presents a more visual demonstration of 
the levels of antibodies to NR2(NMDA) and peptides, and 
shows individual data for children with mTBI. The level of 
antibodies to NR2(NMDA) in 91% of children with mTBI 
immediately after injury was 2.8 times that in children with 
mdTBI (GOS 3, 4) and was several times the upper limit of 
the normal range (Table 2, Fig. 1a). A similar pattern was 
observed in children with sTBI with different outcomes: the 
lowest level of antibodies to NR2(NMDA) on the first day 
after sTBI was found in children with the worst prognosis 
(GOS 1), and the highest level was found in the group with 
good recovery (GOS 5) (Fig. 1b). The level of NR2 peptides 
exceeded the upper limit of the normal range in only 14% of 
children with mTBI, and this difference versus the normal 
values was not significant (Fig. 1c). Conversely, the level of 
AMPA peptides exceeded the upper limit of the normal range 
in 91% of children with mTBI (Fig. 1d).

The opposite pattern of changes was shown for antibodies 
to GluR1(AMPA). Children with mdTBI had a higher initial 
level of antibodies to GluR1(AMPA) and a lower level of 
AMPA peptides than patients with mTBI.  Thus, the more 
severe the TBI, the lower the blood level of antibodies to 
NR2(NMDA) and the higher the level of antibodies to 
(GluR1)AMPA on the first day.

 Discussion

S100b protein and NSE are generally accepted biochemical 
markers of brain damage. S100b protein is considered a glial 
protein, predominantly localized in astrocytes, and appears 
to be involved in signal transduction, energy metabolism, 
and many other processes, especially through regulation of 
protein phosphorylation [14, 15]. At nanomole concentra-
tions, S100b stimulates neurite outgrowth and enhances neu-
ron survival; in contrast, micromole levels of extracellular 
S100b in vitro may have deleterious effects [1, 3]. NSE is a 
dimer of the cytoplasmic isoenzyme glycolytic enolase, 

Table 1 S100b and NSE levels in blood serum samples collected from 
children during the first 15 days after a traumatic brain injury (TBI)

Severity of 
TBI Outcome

Time 
after 
TBI, 
days

Level, μg/La

S100b [ULN 
<0.125 μg/L]

NSE [ULN 
<13.0 μg/L]

Mild: GCS 
14–15

GOS 5 
(n = 65)

1 0.25 ± 0.04* 19.07 ± 4.86*

2–3 0.08 ± 0.01 9.41 ± 2.02

5–7 0.05 ± 0.01 5.71 ± 0.57

10–15 0.04 ± 0.01 7.42 ± 0.90

Moderate: 
GCS 9–13

GOS 5 
(n = 19)

1 0.23 ± 0.044* 20.08 ± 5.01*

2–3 0.13 ± 0.020 7.42 ± 0.91

10–15 0.08 ± 0.03 6.52 ± 0.05

GOS 3, 4 
(n = 6)

1 0.26 ± 0.09* 22.52 ± 6.01*

2–3 0.15 ± 0.06 4.9 ± 1.68

10–14 0.12 ± 0.05 6.87 ± 1.27

Severe: 
GCS <9

GOS 5 
(n = 7)

1 0.30 ± 0.10* 24.11 ± 8.7*

2–3 0.08 ± 0.02 5.35 ± 0.60

5–7 0.06 ± 0.02 7.44 ± 1.60

10–15 0.04 ± 0.01 6.90 ± 1.50

GOS 3, 4 
(n = 14)

1 0.32 ± 0.09* 26.0 ± 7.70*

2–3 0.20 ± 0.08 6.30 ± 0.62

5–7 0.12 ± 0.05 11.3 ± 5.37

10–15 0.06 ± 0.01 7.43 ± 1.03

GOS 2 
(n = 5)

1 0.35 ± 0.15* 28.4 ± 21.2*

2–3 0.06 ± 0.03 8.4 ± 1.20

5–10 0.04 ± 0.01 6.5 ± 0.87

15–75 0.04 ± 0.03 7.27 ± 0.72

GOS 1 
(n = 8)

1 0.50 ± 0.29* 25.0 ± 10.0*

2–3 0.83 ± 0.39* 39.0 ± 17.0*

5–7 0.98 ± 0.30* 42.9 ± 17.0*

10–15 0.56 ± 0.30* 23.0 ± 10.0*

GCS Glasgow coma scale score, GOS Glasgow outcome scale score, 
ULN upper limit of the normal range
aThe data are expressed as mean ± standard error of the mean
*Significant difference versus control values (P < 0.05)
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localized in central and peripheral neurons, as well as in neu-
roendocrine cells [4, 16].

Our results showed that blood levels of the brain injury 
markers S100b and NSE during the first 2 days after TBI did 
not have a strong correlation with the severity of brain injury. 
Our data were supported by the research of Sedaghat and 
Notopoulos, who found that the S100b level correlated with 
CT scanning data in only 30% of cases [17]. Kleindienst and 
Ross reported that in 48% of children with mTBI without 
cognitive impairment, there was an increase in the serum 
level of S100b [18], which most likely indicated participa-
tion of this protein in adaptive processes developing in 
response to stress. We found that NSE and S100b levels 
increased immediately after injury regardless of the severity 
of TBI, but in cases with a favorable outcome, the levels of 
both markers decreased to normal within the first 3 days. The 
maximum S100b protein and NSE levels were observed in 
children with a lethal outcome of TBI (GOS 1), who had 
high levels of these proteins throughout the posttraumatic 
period.

The central excitotoxic roles of GluR and NO in hypoxia 
are known [10], but there have been very few clinical studies 
on these aspects of TBI pathogenesis [19–21]. Our determi-

nation of markers of GluR and their degradation products, 
together with NO metabolites and nitrotyrosine as a marker 
of protein nitrosation, was an attempt to assess the develop-
ment of oxidative stress and the neuroimmunological 
response to hypoxia. NO has multiple effects and, in differ-
ent concentrations, plays both protective and damaging roles. 
Similar dual effects of NO can be observed in the fact that 
with a small increase, NO can activate the immune system 
and reduce the excitotoxicity of Glu, but at high levels, NO 
suppresses the immune response, promotes protein nitrosa-
tion, and enhances the damaging effect of Glu [20, 22]. 
Tisdall et al. [21] showed that in cases of lethal TBI, NOx 
content in the brain extracellular fluid reached 150 μmol/L in 
the first 48 h. We also obtained data showing that children 
with a negative outcome of severe TBI have high levels of 
NOx and NT soon after the initial injury, which correlates 
with a decrease in adenosine triphosphate (ATP) content in 
lymphocytes [23]. At the same time, NO inhalation prevents 
secondary damage in TBI [24].

Posttraumatic brain injury may be based on immunological 
mechanisms that sometimes ameliorate the course of TBI and 
sometimes cause additional damage to brain tissue with devel-
opment of edema [25, 26]. The appearance in the blood of 

Table 2 Metabolic products of NO and antibodies to GluR in blood samples collected from children during the first 1–2 days after a traumatic 
brain injury (TBI)

Biomarker in blood serum or plasma

Severity of TBI
Mild: GCS 15 (n = 35) Moderate: GCS 9–13 (n = 21) Severe: GCS <9 (n = 29)

Levela Outcome Levela Outcome Levela Outcome
NOx (nitrites and nitrates), μmol/L plasma  
[ULN 10 ± 5 μmol/L]

– – – – 176 ± 45*,** GOS 1

– – 40 ± 7*,** GOS 3, 4 69 ± 7*,** GOS 3, 4

19 ± 2 GOS 5 23 ± 6* GOS 5 25 ± 6* GOS 5

3-Nitrotyrosine, nmol/L plasma [ULN 0 nmol/L]b – – – – 52–2799 GOS 1

– – – – 7–42 GOS 2

– – 23–759 GOS 3, 4 24–2265 GOS 3, 4

0–70 GOS 5 0–27 GOS 5 13–28 GOS 5

NR2(NMDA) antibodies, ng/mL serum  
[ULN <2.0 ng/mL]

– – – – 2.75 ± 1.01** GOS 1

– – 4.57 ± 0.54*,** GOS 3, 4 6.38 ± 1.32*,** GOS 3, 4

13.13 ± 1.58* GOS 5 7.85 ± 1.95*,** GOS 5 10.04 ± 2.34* GOS 5

GluR1(AMPA) antibodies, ng/mL serum  
[ULN <1.5 ng/mL]

– – 2.34 ± 0.55*,** GOS 3, 4 – –

0.64 ± 0.14 GOS 5 1.45 ± 0.79 GOS 5 – –

NR2 peptides, ng/mL plasma [ULN <0.5 ng/mL] 0.58 ± 0.32 GOS 5 0.38 ± 0.15 GOS 5 – –

AMPA peptides, ng/mL plasma [ULN <0.4 ng/mL] 1.49 ± 0.19* GOS 5 0.70 ± 0.24 GOS 5 – –

GCS Glasgow Coma Scale score, GOS Glasgow Outcome Scale score, NOx nitrogen oxide, ULN upper limit of the normal range
aThe values are expressed as the mean ± standard error of the mean, except for 3-nitrotyrosine values, which are expressed as the range
bThe 3-nitrotyrosine values in the moderate and severe TBI groups cover only the first 7 days after the injury
*Significant difference versus control values
**Significant difference versus values in mild TBI (P < 0.05)
–not available
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antibodies to functionally important brain structures, includ-
ing GluR, indicates their activation. In this case, the increase 
in the pool of these antibodies should be preceded by the 
appearance in the blood of the degradation products of these 
receptors (at the N-terminal site of GluR)—peptides. On the 
basis of the dual roles of different antibodies [27], it can be 
assumed that early appearance of antibodies to excitotoxic 
receptors can reduce their activity and weaken the develop-
ment of a further cascade of damage. We noted that in cases of 
mTBI, there was a significant increase in the level of antibod-
ies to NR2(NMDA), while the level of peptides of these recep-
tors in the blood remained within normal limits. These data 
indicated the existence of mechanisms aimed at early protec-
tion of NMDA GluR from development of a cascade of exci-
totoxic damage. It is possible that with more severe brain 
damage in sTBI, this mechanism does not work and the level 
of antibodies to NR2(NMDA) does not increase at the onset of 
TBI.  An adverse outcome of sTBI—especially death—was 
associated with the lowest level of antibodies to NR2(NMDA) 

on the first 2 days after the initial injury. The question arises: 
how can the body react so early to brain damage? Such an 
early response is most likely associated with activation of 
innate immunity. The detected significant increase in antibod-
ies to NR2(NMDA) on the first 2  days after mTBI  
indicated rapid secretion of immunoglobulins by innate-like 
B-lymphocytes. Activation of such lymphocytes can produce 
tissue breakdown products—DAMPs (danger- associated 
molecular patterns)—as well as mediators of activated microg-
lia cells, which, in turn, are stimulated by nitric oxide, the con-
centration of which increases with mTBI. We demonstrated 
such a stimulatory effect of subphysiological concentrations 
of NO in an experiment in which injection of the NO-generated 
agent NaNO2 to rats led to a rapid increase in the level of anti-
bodies to GluR content in the blood as early as 1 h after admin-
istration, and the increase was significant after 24 h [28].

We found no increase in the level of antibodies to 
GluR1(AMPA), while the AMPA peptide level was found to be 
increased in 91% of children with mTBI. The development of 
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methods for peptide determination and the establishment of the 
preferred localization of GluR in brain structures indicate a sig-
nificant presence of NMDA GluR in neurovascular units and 
AMPA GluR in axonal structures [11]. A high level of AMPA 
peptides and the appearance of SBDP145 in the blood may be 
early signs of diffuse axonal injury in children with mTBI. As a 
rule, children with mTBI have a very short stay in the hospital 
but, as a result of underestimation of the severity of their condi-
tion, they may later have complications in the form of headaches 
and a decrease in mental abilities. The questions of the regula-
tion of neuroimmune relationships are quite difficult to address, 
and we are not yet able to explain all of the data. However, we 
can assume that NO and its products are involved in the immune 
response and that nitrosative stress accompanies TBI [23]. We 
suggest that the opposite characters of the NR2(NMDA) anti-
body level on the first 2 days of mild and moderate versus severe 
TBI may be associated with an important mechanism aimed at 
protecting neurons from Glu excitotoxicity.
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 Introduction

Control of intracranial pressure (ICP) is important in the 
management of severe traumatic brain injury (TBI) in both 
adults and children [1, 2]. Intracranial hypertension occurs in 
80% of patients with severe TBI, and in a third of them, it 
determines an adverse outcome.

Patients with ICP ≤20 mmHg have a lower mortality rate 
and a better recovery [1, 3].

To control ICP, step-by-step therapies are used (hypother-
mia, sedation, moderate hypocapnia, intravenous mannitol, 
barbiturates, and hyperventilation). Decompressive craniec-
tomy has been suggested as a last resort to reduce intractable 
ICP, but this surgical treatment remains a controversial pro-
cedure because of its invasiveness and lack of clearly defined 
indications, the absence of an established surgical technique, 
the variability of its outcomes, and the significant risk of 
complications [3–8].

In the modern literature, there are insufficient data for rec-
ommendations on DC in children, and so pediatric neurosur-
geons use recommendations for adults to make decisions 
about DC in children. There have been a few publications on 
mortality and functional outcomes after DC in pediatric pop-
ulations, but they are not used to support recommendations. 
These studies differed in their criteria for DC, the DC meth-
ods used, and their initial parameters [3, 9–12]. In assessing 
the effectiveness of DC for severe TBI, it is important to cor-
relate neuromonitoring data and other important physiologi-
cal and clinical variables with outcomes. From this point of 
view, it is very important to identify clinical variables that 
will help predict an adverse outcome.

The aim of this study was to identify risk factors for unfa-
vorable outcomes after DC in children with severe TBI.

 Materials and Methods

The study population consisted of 287 children admitted to 
our hospital with severe TBI, 169 of whom had ICP monitor-
ing. They were treated in accordance with contemporary 
guidelines and a modern management protocol for severe 
TBI [1, 3].

Over a period of 6 months, we followed up 64 patients 
who had undergone DC for intractable intracranial hyperten-
sion. The results were evaluated by use of the Glasgow 
Outcome Scale (GOS). All patients had secondary DC and 
demonstrated displacement or a threat of displacement of the 
brain stem, together with progressive obliteration of the 
parasellar and interpeduncular cisterns on computed tomog-
raphy (CT) scans prior to surgery. The indication for fronto-
temporoparietal DC was lateral dislocation (in 34 patients) 
and the indication for bifrontal DC was axial dislocation (in 
30 patients).

The GCS score at admission, the interval between the 
injury and hospital admission, transportation and manage-
ment before admission, CT scans (at admission and during 
the hospital stay), and data from neuromonitoring (ICP, cere-
bral perfusion pressure (CPP), and the energy of process (E2) 
value) were analyzed. E2 is the sum of the square of the aver-
age ICP value and the square of process dispersion: E2 
(ICP) = M (ICP)2 + STD (ICP)2 [3].

The patients’ mean age was 10.8  ±  4.8  years, and the 
majority (58%) had concomitant injuries. They were evalu-
ated with the Injury Severity Score (ISS). The ISS in our 
series was 28.3 ± 10.2.

Traffic accidents were the main cause of injury (70%), 
followed by falls (18%), violence (8%), and other causes 
(4%).

Most of these patients (n  =  46) were transferred from 
other hospitals where they had stayed for several hours or 
days after the injury. Only 18 were admitted directly from 
the injury site to our hospital.
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The patients were divided into two subgroups on the basis 
of the time between the injury and admission to our hospital: 
(1) within the first 24 h (49 patients) and (2) during a later 
period (14 patients). The mean GCS score at admission was 
6 ± 2.

CT scans were performed at admission in all cases. In 
addition, CT scans were repeated in cases of deterioration of 
neurological status or sustained elevation of ICP above 
20 mmHg. Subsequent CT images were divided qualitatively 
into three categories: (a) improved, (b) equal, and (c) worse.

The imaging results were discussed by a team (including 
neurosurgeons, radiologists, and pediatric intensivists) to 
decide on the treatment strategy. Most patients (52.5%) had 
a Marshall Classification score of 3.

ICP monitoring was performed in 56 cases (87.5%). High 
ICP was treated by normothermia, sedation, hypertonic 
saline, etc. followed by barbiturates and moderate hypother-
mia. DC was viewed as a last resort to reduce ICP. The indi-
cation for urgent DC (in eight patients without ICP 
monitoring) was dislocation syndrome.

For better analysis of variations in ICP (its dynamics and 
intensity), the E2 value was used.

Treatment results were evaluated after 6  months, using 
the GOS.

The information was processed using Statistica version 6 
software (StatSoft) and SPSS version 17 software. A χ2 non-
parametric test of goodness of fit was used to evaluate the 
relationship between two variables. Values of P ≤ 0.05 were 
considered statistically significant.

 Results

There was good recovery at 6 months (with a GOS score of 
4–5) in 45.3% of cases and severe disability in 31.0% of 
cases (with a GOS score of 3); the GOS score was 1–2  in 
23.4% of cases.

On the basis of binary logistic regression, significant fac-
tors that were predictive of an unfavorable outcome after DC 

in children with refractory intracranial hypertension were 
selected (Table 1). These significant factors were the GCS 
score, ICP, combined trauma, the state of the pupils, pupil 
reactivity, and displacement of the median brain structures 
by more than 5 mm.

According to the classification table (Table  2), the per-
centage of correct prediction of outcomes after DC was 
97.7%, which indicated the statistical significance of the 
mathematical model for outcomes. Receiver operating char-
acteristic (ROC) curves demonstrated the degree of influence 
of the selected factors on outcomes (Table 3). GCS and ICP 
had the highest area under the curve (AUC) values (Fig. 1).

Table 1 Variables in the logistic regression equation for predictive unfavorable features

Variable B Standard error Wald Degrees of freedom Significance Exp (B)

95% confidence limits for EXP 
(B)
Lower Upper

F11 0.044 0.086 0.266 1 0.606 1.045 0.884 1.236

F18 10.305 8.401 1.504 1 0.220 29875.133 0.002 4.233E+11

F20 31.653 5628.645 0.000 1 0.996 5.581E+13 0.000

F15* 2.453 3.011 0.664 1 0.415 11.624 0.032 4247.424

F17_2 10.617 8.456 1.576 1 0.209 40810.688 0.003 6.439E+11

F22 −2.274E+00 1.747 1.693 1 0.193 0.103 0.003 3.162

Constant −9.699E+01 11257.394 0.000 1 0.993 7.549E−43

F11 value of intracranial pressure, F15* value calculated using the formula F11 = 15 − Glasgow Coma Scale score, F17 type of injury (isolated/
combined), F18 pupils, F20 pupil reactivity, F22 midline shift

Table 2 Classification according to the Glasgow Outcome Scale 
(GOS) score

Observed

Predicted
F33_b

Percentage correct0 1
GOS 0 32 1 97.0

1 0 10 100.0

Overall percentage 97.7

Table 3 Area under the receiver operating characteristic curve of fac-
tors predicting an unfavorable outcome after decompressive 
craniotomy

Test 
result 
variable Area

Standard 
error

Asymptotic 
significance

Asymptotic 95% 
confidence interval
Lower 
bound

Upper 
bound

F11 0.858 0.079 0.001 0.686 1.000

F15 0.839 0.060 0.001 0.722 0.957

F17_2 0.632 0.093 0.211 0.449 0.815

F18 0.730 0.094 0.029 0.546 0.915

F20 0.788 0.068 0.006 0.655 0.921

F22 0.605 0.110 0.321 0.389 0.820

F11 value of intracranial pressure, F15 Glasgow Coma Scale score, 
F17 type of injury (isolated/combined), F18 pupils, F20 pupil reactiv-
ity, F22 midline shift.
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In addition, we compared what influence different clinical 
variables—including use of ICP monitoring, the Marshall 
Classification score, pupillary status, and multiplicity of ICP 
rises—had on outcomes. There was no statistical difference 
in outcomes between patients with and without ICP monitor-
ing. When outcomes were compared on the basis of Marshall 
Classification scores, the highest percentage of mortality was 
seen in the group with a Marshall Classification score of 3 
(Fig. 2). There were no statistical differences in outcomes on 
the basis of multiplicity of ICP elevations (up to two times 
and more than two times). Patients with dilated, unreactive 
pupils had a GOS score of −1 (P ≤ 0.05) (Fig. 3).

ICP and its derivatives proved to be the most sensitive 
predictors of outcomes after DC.  Patients who had ICP 
>40 mmHg showed unfavorable outcomes (Fig. 4). In addi-
tion, we investigated the E2 parameter, a quantitative indica-
tor that reflects the process of oscillation or dispersion more 
objectively [13]. Statistical differences in outcomes were 
revealed on the basis of the dynamics and intensity of ICP 
(Fig. 5).

All surviving patients underwent early reconstruction of 
the skull defect (30–55  days after surgery). Eight patients 
received a ventriculoperitoneal shunt (VPS) because of post-
traumatic hydrocephalus. Six months later, 69% of survivors 
had good recovery (with a GOS score of 4–5).

 Discussion

Almost two decades ago, Taylor et  al. [14] published the 
results of a randomized trial of very early decompressive cra-
niectomy in children with TBI and sustained intracranial 
hypertension. However, the efficacy of DC is still debated. 
Two randomized trials of DC in adults have been published: 
the Decompressive Craniectomy (DECRA) study and the 
Randomised Evaluation of Surgery with Craniectomy for 
Uncontrollable Elevation of Intracranial Pressure 
(RESCUEicp) trial [4, 9]. The DECRA study demonstrated 
that outcomes were worse in patients managed surgically 
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than in those managed medically. According to the 
RESCUEicp trial results at 6 months, DC resulted in lower 
mortality but higher rates of vegetative state, lower severe 
disability, and upper severe disability than medical care. 
Randomized studies in children would be very difficult to 
conduct, because of the small numbers of patients. Most 
reported series in children have been small and observa-
tional. Some of these studies did not find a significant differ-
ence in results between patients treated with DC and those 
treated medically [6, 14, 15]. Others reported that the aver-
age GOS score at 6 months after TBI was higher in patients 
treated with DC [2, 12, 16]. Modern guidelines on adult TBI 
recommend DC as a third-tier option for refractory high ICP 
(values of >20  mmHg). For young children, these values 
need to be clarified [4, 11, 16–18].
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According to our data, outcomes after DC are affected by 
the severity of the primary injury and clinical manifestations 
of dislocation syndrome. GCS remains the primary clinical 
indicator of the severity of primary brain damage. In our 
series, patients with a low GCS score (≤5) had an unfavor-
able outcome (11 patients had a GCS score of 3–5 and four 
had a GCS score of 6–8). Dilated, unreactive pupils were 
another clinical predictor of an unfavorable outcome 
(P ≤ 0.05). In addition, CT scan findings are also important 
for outcome prediction: patients with a Marshall Classification 
score of 3 had the most unfavorable outcomes. This was the 
group of patients in whom cisterns were compressed or com-
pletely effaced. The combination of low GCS scores, wide 
pupils, and a Marshall Classification score of 3 in the absence 
of basal cisterns significantly reduced patient survival.

Some researchers have concluded that ICP is the main 
predictor of outcomes after severe TBI [4, 7, 13, 17]. Our 
study confirms this observation. As the debate on the efficacy 
of DC, ICP thresholds, and the duration of intracranial 
hypertension continues, use of the additional parameter E2 
may be helpful. This quantitative indicator objectively 
reflects fluctuations in ICP. It is easy to register it through the 
ICP monitor or to extract it from the ICP time series over a 
specified period of time. The standard deviation can yield a 
complete picture of variations in ICP. Therefore, we find it 
useful as another tool for deciding on the need for DC.

 Conclusion

Outcomes after DC are largely determined by the severity of 
the primary injury and the occurrence of secondary compli-
cations. DC falls into the category of preventive surgery and 
may be an effective method for controlling dislocation syn-
drome; however, its effectiveness is doubtful for patients 
with brain herniation.
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 Introduction

Moyamoya disease is characterized by chronic progressive 
arterial stenosis of the internal carotid arteries and proximal 
middle cerebral and anterior cerebral arteries. This is a result 
of progressive hyperplasia in smooth muscle in the arterial 
vessel wall. The progressive vascular stenosis precipitates 
development of collateral circulation from dilation of pre- 
existing arterial perforators and formation of new ones, giv-
ing the characteristic “puff of smoke” seen on a cerebral 
angiogram. It may be idiopathic or secondary to treatment of 
other neurosurgical conditions (such as radiotherapy follow-
ing tumor resection) and is responsible for 6% of pediatric 
cerebrovascular accidents [1]. It is also associated with other 
conditions such as trisomy 21 and neurofibromatosis type 1. 
The clinical picture is a combination of ischemic and hemor-
rhagic events, with the former being more common.

Medical management of moyamoya disease involves 
therapy with antiplatelet agents and calcium channel 
antagonists. There are various surgical strategies for man-
agement of moyamoya disease. These include direct revas-

cularization, which consists of a bypass of the occluded 
segment, or indirect revascularization procedures, which 
involve laying vessels, dura, muscle, or a combination of 
these over the ischemic area of the brain. A recent meta-
analysis of surgical outcomes of pediatric moyamoya dis-
ease found perioperative stroke risks of 4.5% with direct 
procedures, 9% with indirect procedures, and 6% with 
combined procedures [2].

Intracranial pressure (ICP) and brain tissue oxygenation 
(PbtO2) are frequently monitored in head injury, with the 
goal of optimizing cerebral perfusion and oxygen delivery to 
tissues. We sought to determine if monitoring of ICP and 
PbtO2 was feasible in patients with moyamoya disease. We 
were also interested in determining the autoregulatory status 
of these patients, who have abnormal cerebral vasculature.

 Materials and Methods

All patients were evaluated clinically and with a digital sub-
traction angiogram during a separate hospital admission. 
Under general anesthesia with desflurane and remifentanil, 
an intraparenchymal Raumedic® PTO catheter was placed 
in the frontal lobe on the side ipsilateral to the revasculariza-
tion. A radial arterial line was also inserted and zeroed at the 
level of the external auditory meatus. Monitoring of ICP and 
brain tissue oxygen was undertaken from the start of the pro-
cedure until 48  h postoperatively. The surgical procedure 
used in all patients was indirect pial synangiosis. After inser-
tion of the PTO catheter, the superficial temporal artery was 
isolated using Doppler ultrasound and dissected free with a 
surrounding cuff of tissue. A large craniotomy was per-
formed, the dura was opened widely, and a donor superficial 
temporal artery was placed over the exposed ischemic hemi-
sphere along with the inverted dura. The bone flap was 
replaced, and the scalp was closed with absorbable sutures. 
All patients were managed in the pediatric intensive care unit 
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for 48  h postoperatively. A further digital subtraction 
 angiogram was performed 6 months postoperatively to assess 
the success of revascularization.

Brain tissue oxygen tension was measured in millimeters 
of mercury. The cerebral autoregulatory status was examined 
across all patients, using the low-frequency autoregulatory 
index (LAx) [3]. ICP was plotted against the mean arterial 
pressure (MAP) to determine the pressure reactivity index 
(PRx) in each patient [4]. The cerebral perfusion pressure 
(CPP) was plotted against PRx to determine the optimum 
cerebral perfusion pressure (CPPOpt) [5]; this was the lowest 
point of inflection on the best-fit curve. Lower and upper limits 
of autoregulation were determined using the Aries methodol-
ogy [6]. The patient was judged as autoregulating between the 
two values where the curve crossed the x-axis at zero.

 Results

Four patients underwent seven revascularization procedures. 
All were in Suzuki stage 3 [7]. All patients presented with 
headaches and episodes of transient ischemia related to the 
affected hemisphere. The underlying patient characteristics 
are shown in Table 1. PbtO2 data were available for four out 
of the seven operated hemispheres. For patient 1, no data 
were available. Patient 2 had a median PbtO2 value of 
55 mmHg (interquartile range (IQR) 53–57.6) at their first 
operation. In patient 3, the median PbtO2 values were 

25.2  mmHg (IQR 19.2–26.4) on the right side and 
11.1  mmHg (IQR 1.5–21.1) on the left. In patient 4, the 
median PbtO2 was 22.6 mmHg (IQR 16.2–25.8). Two of the 
four patients had best-fit LAx curves that crossed zero and 
were therefore judged to be autoregulating; these and the cal-
culated CPPOpt values are shown in Table 2. The upper and 
lower limits of autoregulation in patients 2 and 3 are shown 
in Table 3. There were no complications of either PTO cath-
eter insertion or craniotomy. One patient developed transient 
clinical ischemia on day 1 postoperatively, which responded 
to intravenous fluid and vasopressor infusion.

 Discussion

PbtO2 is frequently monitored in severe traumatic brain 
injury; it has been shown in a meta-analysis that combination 
of ICP/CPP therapy with PbtO2 therapy increases the chances 
of a favorable outcome [8]. Our small series shows that mon-
itoring of brain tissue oxygenation is feasible in the periop-
erative period in patients with moyamoya disease. It has 
previously been shown that cerebral blood flow is reduced in 
patients with moyamoya disease, using the 133Xe inhalation 
method [9]. This, presumably, is a result of progressive lumi-
nal stenosis of the large intracranial arteries and occurs even 
in asymptomatic patients with moyamoya disease. As flow is 
reduced, the oxygen delivery to the tissues is impaired and, 
in theory, this should lead to lower PbtO2 values. We found 

Table 1 Patient characteristics
Patient number Age (years) Etiology Hemisphere Suzuki stage Clinical symptoms
1 19 Allagile syndrome Left 3B Headache

Right 3B Ischemia

2 8 Unilateral moyamoya disease Left 3A Headache

Left 3A Ischemia

3 13 Possible chromosome 2 abnormality Right 3B Headache

Left 3B Ischemia

4 13 Unilateral, postradiotherapy Left 3 Headache, Ischemia

Table 2 Autoregulatory status and optimal cerebral perfusion pressure 
(CPPOpt)
Patient number Side Autoregulation CPPOpt (mmHg)
1 Left No

Right No

2 Left Yes 58

Left Yes 73

3 Right Yes 78

Left Yes 60

4 Left No

Table 3 Limits of autoregulation

Patient number Side Limits (mmHg)

Lower Upper Range
2 Left 53 63 10

Left 52 93 41

3 Right 75 98 23

Left 46 75 29

M. Kommer et al.
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that the majority of patients began the procedure with a low 
PbtO2 value and that this increased during the procedure and 
the postoperative period. One patient had a normal PbtO2 
value; his follow-up angiogram showed poor revasculariza-
tion. He had ongoing clinical episodes of ischemia and 
underwent a further revascularization procedure on the same 
hemisphere. Perhaps a low preoperative PbtO2 value is a pre-
requisite for successful revascularization; study of more 
cases is required to determine if this is the case.

Cerebral autoregulation has been much studied within the 
fields of neurosurgery and neurocritical care, especially in the 
context of head injury. The classical model of autoregulation 
states that cerebral blood flow is maintained over a wide 
range of physiological MAP values, in accordance with 
Lassen’s curve [10]. Autoregulation relies on the ability of the 
cerebral vasculature to constrict and dilate. The progressive 
arterial stenosis caused by moyamoya disease presumably 
results in reduced ability of the system to autoregulate. It is 
well known that these patients develop clinical ischemia in 
response to hyperventilation resulting from reduced partial 
pressure of carbon dioxide and hypotension in the context of 
a fever or intercurrent illness [11]. We postulate that the arter-
ies of patients with moyamoya disease are in a state of maxi-
mal vasodilation to maintain cerebral blood flow. In our 
series, we found that four out of the seven hemispheres (in 
two patients) did show evidence of autoregulation. The range 
over which cerebral blood flow was maintained was, how-
ever, much smaller than that predicted by Lassen’s curve [10]. 
The lower limit of autoregulation was increased in one of the 
hemispheres, whereas the upper limit was reduced in all four 
hemispheres that did show evidence of autoregulation.

We believe that this is the first published report of use of 
PbtO2 and intracranial pressure monitoring in perioperative 
management of patients with moyamoya disease. It provides 
an interesting insight into the cerebrovascular physiology of 
patients with moyamoya disease.

Conflict of Interest The authors declare no conflict of interest.

References

 1. Nagaraja D, Verma A, Taly AB, Kumar MV, Jayakumar PN 
(1994) Cerebrovascular disease in children. Acta Neurol Scand 
90:251–255

 2. Ravindran K, Wellons JC, Dewan MC (2019) Surgical outcomes 
for pediatric moyamoya: a systematic review and meta-analysis. J 
Neurosurg Pediatr 13:1–10

 3. Depreitere B, Güiza F, Van den Berghe G, Schuhmann M, Maier 
G, Piper I, Meyfroidt G (2014) Pressure autoregulation monitoring 
and cerebral perfusion pressure target recommendation in patients 
with severe traumatic brain injury based on minute-by-minute 
monitoring data. J Neurosurg 120:1451–1457

 4. Czosnyka M, Smielewski P, Kirkpatrick P et al (1997) Continuous 
assessment of the cerebral vasomotor reactivity in head injury. 
Neurosurgery 4:11–19

 5. Steiner LA, Czosnyka M, Piechnik SK, Smielewski P, Chatfield D, 
Menon DK, Pickard JD (2002) Continuous monitoring of cerebro-
vascular pressure reactivity allows determination of optimal cere-
bral perfusion pressure in patients with traumatic brain injury. Crit 
Care Med 30(4):733–738

 6. Aries MJ, Czosnyka M, Budohoski KP, Steiner LA, Lavinio A, 
Kolias AG, Hutchison PJ, Brady KM, Menon DK, Pickard JD, 
Smielewski P (2012) Continuous determination of optimal cere-
bral perfusion pressure in traumatic brain injury. Crit Care Med 
40(8):2456–2463

 7. Suzuki J, Takaku A (1969) Cerebrovascular “moyamoya” disease: 
disease showing abnormal net-like vessels in base of brain. Arch 
Neurol 20(3):288–299

 8. Nangunoori R, Maloney-Wilensky E, Stiefel M, Park S, Kofke 
WA, Levine JM, Yang W, Le Roux PD (2012) Brain tissue 
oxygen–based therapy and outcome after severe traumatic 
brain injury: a systematic literature review. Neurocrit Care 
17(1):131–138

 9. Ogawa A, Yoshimoto J, Suzuki J, Sakurai Y (1990) Cerebral blood 
flow in moyamoya disease. Acta Neurochir 105:30–34

 10. Lassen N (1959) Cerebral blood flow and oxygen consumption in 
man. Physiol Rev 39(2):183–238

 11. Scott RM, Smith ER (2009) Moyamoya disease and moyamoya 
syndrome. N Engl J Med 360(12):1226–1237

Use of Direct Intracranial Pressure and Brain Tissue Oxygen Monitoring in Perioperative Management of Patients...



Part V

Neuromonitoring Technology



121B. Depreitere et al. (eds.), Intracranial Pressure and Neuromonitoring XVII, Acta Neurochirurgica Supplement 131,
https://doi.org/10.1007/978-3-030-59436-7_25, © Springer Nature Switzerland AG 2021

 Introduction

Increased intracranial pressure (ICP) is a dangerous condi-
tion, which may be caused by many neurological and non- 
neurological illnesses [1] and is associated with a poor 
outcome [2]. Invasive assessment of ICP with devices such 
as intraparenchymal probes and intraventricular catheters is 
the gold standard but may be contraindicated in patients with 
coagulopathies and may lead to complications such as infec-
tions or hemorrhages [3].

To avoid such complications, many noninvasive tools to 
evaluate ICP have been implemented in the past [4], such as 

ultrasonographic measurement of the optic nerve sheath 
diameter (ONSD), which is a repeatable, safe, and feasible 
technique. The optic nerve is surrounded by a dural sheath 
and the subarachnoid space, which encloses the nerve and is 
filled with cerebrospinal fluid (CSF); thus, increases in ICP 
are identifiable as ONSD increases in the anterior retrobulbar 
compartment approximately 3 mm behind the eyeball [5, 6].

This technique has the advantage of having low intra- and 
interobserver variability [7]. ICP and ONSD have a linear 
association in conditions of intracranial hypertension [7, 8] 
and in a recent meta-analysis, ONSD was shown to have an 
area under the hierarchical summary receiver operating char-
acteristic curve of 0.94 [4].

There are still uncertainties regarding possible variability 
in ONSD in the healthy population, considering different sex 
and age subgroups, and this could affect the cutoff values to 
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be considered in clinical conditions on the basis of age and 
sex differences. The aim of this study was to assess age- and 
sex-related ONSD differences in a cohort of healthy 
volunteers.

 Materials and Methods

The study protocol was approved by the relevant research 
ethics board in Genoa, Italy (approval number REC 
031R8G2015) and followed the principles of the Declaration 
of Helsinki.

A total of 122 healthy volunteers were prospectively 
recruited between 1 September 2015 and 1 January 2018 at 
Galliera Hospital, Genoa, Italy. We prospectively enrolled 
adult (>18-year-old) Italian healthy volunteers (with an 
American Society of Anesthesiologists (ASA) physical clas-
sification of 1–2) undergoing preanesthetic assessment for 
low-risk surgical interventions at Galliera Hospital.

The inclusion criteria were the absence of any cardiovas-
cular, respiratory, neurological, or systemic pathology, and 
the absence of any chronic diseases and any acute illnesses in 
the 4  weeks preceding the evaluation. All volunteers gave 
their written informed consent before enrollment. Admissible 
patients were evaluated, their demographic data were noted, 
and their arterial blood pressure (ABP) was measured 
noninvasively.

The cohort was stratified for sex (male versus female) and 
divided into three different age groups (group 1: young 
adults aged 18–44 years; group 2: middle-aged adults aged 
45–64 years; and group 3: elderly adults aged ≥65 years).

ONSD was measured 3  mm behind the eyeball after 
application of ultrasound gel on both eyelids of the volun-
teers, who were in the supine position. Two trained investiga-
tors (CR and FC), with a background of more than 30 
examinations, used a 7.5-MHz linear ultrasound probe (DC- 
T6, Mindray Medica, Shenzhen, China) directed at around 
30° in the horizontal plane and perpendicularly in the verti-
cal plane. The final ONSD measurement was obtained as the 
average of the axial and longitudinal diameters for both eyes.

Statistical analyses were done using RStudio version 
3.6.0 software. Continuous variables were expressed as 
median (interquartile range). The data were verified for nor-
mality using the Shapiro–Wilk test. Pearson or nonparamet-
ric Spearman correlation coefficients were applied to relate 
continuous variables. A Welch two-sample t test or a non-
parametric Wilcoxon rank sum test was used to evaluate the 
differences in ONSD between the sexes. One-way analyses 
of variance (parametric ANOVAs and a nonparametric 
Kruskal–Wallis test), followed by parametric post hoc pair-
wise comparison tests (using a t test with a pooled standard 
deviation) or nonparametric post hoc pairwise comparison 

tests (using a Wilcoxon rank sum test), with Bonferroni cor-
rection for multiplicity, were applied to evaluate the differ-
ences in ONSD with regard to age groups. A multivariable 
linear model was used to assess whether age, sex, and arterial 
blood pressure were independently related to ONSD (using 
the following linear model structure: ONSD ~ age + sex + 
ABP). The level of significance was set at P value of <0.05.

 Results

There was a positive significant correlation between ONSD 
and age (R = 0.50, P < 0.0001) (Fig. 1).

A significant difference was found in ONSD between 
males and females (4.2 (interquartile range (IQR) 3.9–4.6) 
versus 4.1 (IQR 3.3–4.2) mm, P = 0.01) (Table 1). When the 
entire population was considered, ONSD showed a statisti-
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Fig. 1 Correlation between the optic nerve sheath diameter (ONSD, 
measured in millimeters, and age in a healthy population (R  =  0.50, 
P < 0.0001). The dark gray shaded areas represent the 95% confidence 
intervals for the linear regressions

Table 1 Characteristics of the study cohort

Age 
[years]

Optic nerve sheath diameter [mm]
All 
volunteers Males Females

All 
volunteers ≥18

4.2 
(3.8–4.4)

4.2 
(3.9–4.6)

4.1 
(3.6–4.2)

Age group

  Group 1 18–44 4.0 
(3.7–4.2)

4.1 
(3.8–4.4)

4.0 
(3.6–4.2)

  Group 2 45–64 4.2 
(3.6–4.5)

4.3 
(4.2–4.8)

3.8 
(3.6–4.2)

  Group 3 ≥65 4.7 
(4.2–4.8)

4.8 
(4.5–4.9)

4.6 
(4.2–4.27)

The values are expressed as median (interquartile range)
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cally significant difference between age groups 1 and 3 (4.0 
(IQR 3.7–4.2) versus 4.7 (IQR 4.2–4.8) mm, P < 0.0001) and 
between groups 2 and 3 (4.2 (IQR 3.6–4.5) versus 4.7 (IQR 
4.8–4.2) mm, P = 0.01).

The multivariable linear model analysis revealed that age 
and sex were independently related to ONSD (P < 0.0001 
and P = 0.005, respectively).

 Discussion

We found significant differences between age groups and 
sexes in the whole cohort, and males had significantly higher 
ONSD values than females [9–12]. ONSD increased with 
age (Fig. 1), and elderly individuals had higher ONSD values 
than younger volunteers.

Many studies have tried to evaluate the normal ONSD 
thresholds in healthy populations. They have collectively 
proposed that ONSD remains relatively constant throughout 
adulthood [9, 10, 12, 13]. Conversely, our findings suggest 
that ONSD increases with age. This finding could be attribut-
able to variations in cerebrospinal fluid circulation as a result 
of aging [14], resulting in an increased CSF volume in the 
space surrounding the optic nerve, which would increase 
ONSD.

A Korean study [15] evaluated a cohort of 585 healthy 
young adults (aged 18–30 years) and found that ONSD was 
significantly correlated with sex, height, and eyeball trans-
verse diameter (ETD) in a simple linear regression analysis, 
but on multiple linear regression analysis, only ETD was 
independently associated with ONSD.

Goeres et al. studied 120 healthy adults and found that the 
mean ONSD varied between males and females but did not 
vary with age, weight, or height [16]. In another study, Anas 
showed no significant correlation of ONSD with age, sex, 
height, weight, or measurement side [17].

Other studies have proposed that ethnicity should be con-
sidered when ONSD thresholds are evaluated for increased 
ICP.  For instance, a Chinese study [18] reported that the 
upper ONSD limit was lower than the thresholds seen in pre-
vious studies in Caucasian and African samples, and that 
underweight women had the lowest ONSD values. These 
findings highlight the importance of taking into account sex, 
the body mass index, and ethnicity.

This study had the following limitations. First, the ultra-
sound examinations were performed by two different opera-
tors, and we did not take into account interobserver variability 
as a potential confounder, but the operators were experienced 
and had a comparable level of training. Second, ethnic differ-
ences in ONSD values could have been relevant; our popula-
tion was prevalently Caucasian. Further studies in different 
and larger cohorts are required to define this potential con-
founding factor.

 Conclusion

ONSD increases with age and is significantly greater in 
males than in females in the healthy population. Larger stud-
ies in brain-injured patients are needed to further evaluate 
differences attributable to sex and age.
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 Introduction

There is currently no gold standard for noninvasive assess-
ment of intracranial pressure (ICP) and diagnosis of intracra-
nial hypertension. Although advanced neuroimaging 
techniques have recently contributed to better understanding 
of the pathophysiology associated with different degrees of 
severity of TBI, limited accessibility of the imaging equip-
ment, long examination times, and the need for diagnostic 
imaging expertise limit the clinical utility of such technolo-
gies in austere or everyday environments.

Traumatic brain injury (TBI) is a complex and heteroge-
neous disorder, which can result in a large spectrum of asso-
ciated injury severity. The brain is a soft organ with delicate 
structures held within a fixed volume. Damage to small 
structures within the brain causes local swelling, and cere-
bral blood flow and systemic blood pressure may not neces-
sarily decrease with brain swelling [1, 2]. This elevated ICP 
can in itself cause more damage, leading to a negative spiral 
that ends in dire health sequelae, including brain cell death 
and permanent brain injury or death [3, 4].

Because of the practical limitations imposed by invasive 
measurements of ICP and the TBI population, in this study 
we used body position to affect blood and fluid distribution 
[5] in healthy volunteers. ICP depends on the volume of 
cerebral blood and cerebrospinal fluid (CSF), the vascular 
component of which is influenced by systemic blood pres-
sure, modified by cerebral autoregulation and venous out-
flow resistance [6], while the CSF component is described by 
Davson’s equation [7] as a balance between CSF formation, 
CSF outflow resistance, and venous pressure in the sagittal 
sinus. Thus, given intact cerebral autoregulation [5] and sys-
temic blood pressure regulation, as should be the case in 
healthy volunteers, positional changes in ICP are dominated 

by venous pressure [5], which correlates with gravitational 
stress (hydrostatic pressure).

Pulse wave velocity (PWV) analysis has previously been 
employed for effectiveness assessment of the state of the sys-
temic vasculature—for example, calculation of vessel elastic-
ity, impedance and reflection coefficients [8], and arterial 
stiffness [9]. These works have been based on the underlying 
principle (as presented by the Moens–Korteweg equation) that 
describes PWV as a function of basic properties of the vascu-
lar route, such as the internal radius and wall thickness of the 
vessel [8]. Different authors [10] have previously applied the 
PWV approach to analysis of the intracranial hemodynamic 
system. Specifically, the PWV was calculated in the peripheral 
circulation by measurement of time delays in cerebral blood 
flow velocity (as measured by transcranial Doppler ultra-
sound) obtained simultaneously from the cervical carotid 
artery and the ipsilateral middle cerebral artery [10].

In this study, we proposed assessment of pulse onset 
latency (or the pulse transit time (PTT)) as the time interval 
between optical signals measured at three reference loca-
tions (an earlobe, a fingertip, and a supraorbital artery) and 
an optical signal measuring cerebral blood volume oscilla-
tions, and we assessed the correlation between measured 
PTT changes and ICP variations modulated by postural 
changes without the need for additional electrocardiographic 
measurements.

 Materials and Methods

 Tilt Table Study

The tilt table protocol was approved by the New England 
Independent Review Board (approval number NEIRB 
120170179), and all subjects provided written informed 
 consent for participation. The study was conducted at 
Vivonics, Inc. (Bedford, MA, USA).
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Ten healthy human subjects were recruited for participa-
tion in this research. The subjects were over the age of 
18 years and did not have an intracranial shunt, concussion 
symptoms, a musculoskeletal condition contraindicating use 
of an inversion table, previous brain surgery, a cardiovascu-
lar disorder, a headache, or an allergy to medical tape. 
Female subjects were asked to report whether there was a 
chance of pregnancy and were excluded if the answer was 
yes.

Measurements were performed by having the subject lie 
on the inversion table, strapped in at their ankles. The 
blood pressure (the mean arterial pressure (MAP)), oxygen 
saturation (SaO2), heart rate (HR), stroke volume (SV), 
cardiac output (CO), and total peripheral resistance (TPR) 
were calculated by use of a noninvasive continuous blood 
pressure monitor (Nova, Finapres Medical Systems, 
Enschede, the Netherlands) attached to the subject by 
means of a volume clamp finger cuff, brachial cuff, and 
pulse oxygen sensor. The subject was additionally con-
nected to the IPASS (Intracranial Pressure Assessment and 
Screening System) optical sensors: a forehead sensor (1) 
collected data on superficial blood volume oscillations 
from the supraorbital artery; a cerebral sensor (2) allowed 
measurement of spontaneous hemodynamic oscillations 
from the outer surface of the brain and measured cerebral 
blood oscillations; and an earlobe sensor (3) and index fin-
ger sensor (4) collected data on reference blood volume 
oscillations. The wavelength implemented by the IPASS is 
850 nm to maximize sensitivity to oxygenated hemoglobin 
concentration oscillations as induced by cardiac activity 
(~1 Hz). Raw data were postprocessed by a custom Matlab 
script that allowed isolation of blood volume oscillations 
(~1 Hz) of interest by performing a third-order polynomial 
detrending and band-pass filtering procedure (~0.7–10 Hz) 
before extrapolating instantaneous phase values by utiliz-
ing the Hilbert transform [11]. The Hilbert transform cal-
culated the instantaneous phase of each of the optical 
signals measured at the four locations, and the PTT was 
calculated by translating the phase difference (Δϕ ∆∅) 
between each pair of signals (cranial oscillations with 
respect to reference signal oscillations) and converted into 
a time difference by use of the formula:

 PTT � �� / .2� f  

where f is the main frequency component associated with the 
filtered signal (~1 Hz).

The Nova continuous monitoring data were collected 
from the subject’s left side and the IPASS sensor data were 
collected from the subject’s right side. The subjects were 
tilted at various angles for 90 s at each angle. The angle pro-
gression was as follows: +45°, −30°, +45°, −15°, +45°, 0°, 
+45°, +15°, +45°, +30°, and + 45°.

From the change in hydrostatic pressure at a given tilt 
angle (α), the corresponding change in ICP was estimated as:

 ICP ICP� � �� � � � � � � � � ��0 – sing h  

where ρ is the blood density, g is the gravitational accelera-
tion, h is the distance from below the heart (at the bottom of 
the sternum) to the nasion, and ICP(0°) is a previously mea-
sured value of the average ICP in subjects lying at zero 
degrees [ICP(0°)~11 mmHg] [5]. A t test was used to detect 
statistically significant differences (P < 0.05) in the PTT val-
ues between the head-up (0°, +15°, +30°, and +45°) and 
head-down (−30° and −15°) positions.

 Results

Compared with the head-up position (+45°), the head-down 
and supine positions (−30°, −15°, and 0°) changed the cen-
tral cardiovascular variables significantly. The data reported 
in Fig. 1, corresponding to an individual subject, show the 
heart rate (HR), stroke volume (SV), cardiac output (CO), 
total peripheral resistance (TPR), and mean arterial pressure 
(MAP) as continuously measured signals throughout the 
entire length of the experimental protocol. Elevating the 
head (from −30° to +45°) increased HR from 47 ± 6.0 to 
63 ± 2.0 beats/min, MAP from 50.0 ± 3.5 to 79 ± 4.2 mmHg, 
and TPR from 1.4 ± 0.2 to 2.1 ± 0.3 mmHg · min · mL−1. A 
head-down tilt and supine position increased SV from 
54 ± 13 mL at 45° to 87 ± 15 mL at −30° and increased CO 
from 3.3 ± 0.8 L/min at 45° (P <0.05) to 4.1 ± 1.1 L/min at 
−30°. An increase in HR and TPR in a head-up position 
occurred consistently in order to maintain CO within a phys-
iological range. Figure 1f shows the averaged pulse arrival 
delays between the superficial and cerebral (PTTS-C) hemo-
dynamic oscillations (as measured on the subject’s forehead) 
and the cerebral and finger (PTTC-F) oscillations, against the 
tilt table angles. A supine position and positive tilt table 
angles corresponded to low ICP values (<11 mmHg), while 
negative tilt table angles corresponded to increased ICP val-
ues (>11 mmHg) due to hydrostatic pressure changes. Both 
the calculated PTTS-C and PTTC-F changed according to the 
changes in hydrostatic pressure, which corresponded to ICP 
variations. Specifically, negative tilt table angles (−15° and 
−30°), which increased ICP, translated into higher PTT val-
ues (>70 ms in this specific subject) (Fig. 1), while a supine 
position and positive angles (0°, 15°, 30°, and 45°) resulted 
in lower PTT values in agreement with lower ICP values. 
Finally, in comparison of angle-related variations in the car-
diovascular variables with respect to the PTT values (PTTS-C 
and PTTC-F), it was noticeable that the cardiovascular vari-
ables fluctuated following any postural change (positive and 
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negative tilt table angles), while the PTT values changed 
 significantly only with movement from a head-up position to 
a head-down position (and vice versa), but no intermediate 
fluctuations (for example, between different positive angles) 
were observed. This trend of increases and decreases across 
physiological signals at the various positive and negative 
angles was observed across all of the subjects, consistent 
with ICP changes.

Table 1 lists the continuously measured (in real-time) car-
diovascular variables in response to the head-up and head- 
down tilts in only seven volunteers because of a technical 
problem associated with the blood pressure monitor herein 

used to continuously measure MAP and the other cardiovas-
cular variables. These technical problems were not associ-
ated with any of the optical measurements performed by the 
IPASS. ICP values were estimated in all ten subjects, since 
they were independently calculated from the cardiac vari-
ables. The averaged values reported in Table 1 are consistent 
with the individual cardiovascular variable trends identified 
in the subject shown in Fig. 1. Tilting up increased HR from 
68 ± 13 beats/min at −30° to 76 ± 12 beats/min at 45°, while 
it reduced SV from 89 ± 22 mL at −30° to 74 ± 19 mL at 45° 
(P  <  0.05). CO increased from 5.6  ±  1.7  L/min at 45° to 
6.0 ± 1.5 L/min at −30° during the tilt-up maneuver (from 
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Fig. 1 Real-time measurements of cardiovascular variables: (a) mean 
arterial pressure (MAP), (b) heart rate (HR), (c) total peripheral resis-
tance (TPR), (d) stroke volume (SV), and (e) cardiac output (CO) in an 
individual subject in response to our head-up and head-down tilt proto-
col: +45°, −30°, +45°, −15°, +45°, 0°, +45°, +15°, +45°, +30°, and 
+45°. (f) Pulse arrival delays (mean  ±  standard deviation) between 

superficial and cerebral (PTTS-C) hemodynamic oscillations (as mea-
sured on the subject’s forehead) and the cerebral and finger (PTTC-F) 
oscillations in an individual subject in response to our head-up and 
head-down tilt protocol: +45°, −30°, +45°, −15°, +45°, 0°, +45°, +15°, 
and +45°

A Noninvasive Method for Monitoring Intracranial Pressure During Postural Changes



128

45° to −30°). As expected, the head-down maneuver 
increased ICP and consequently decreased cerebral perfu-
sion pressure (CPP).

We observed that the optical signal measured at the fin-
gertip was consistently robust in all of the subjects across the 
positive and negative angles, while the other reference sig-
nals degraded at negative angles, thus making PTT calcula-
tion unreliable. Figure  2 shows the plots of PTTC-F versus 
ICP and versus CPP (CPP = MAP − ICP) for all data points 
collected from all subjects at the different tilt table angles.

Figure 2a shows PTTC-F versus ICP at positive angles 
(α  >  0) and negative angles (α  <  0). This plot shows the 
increase in PTTC-F values from 17  ±  22 to 106  ±  23  ms 
(P < 0.01) as the subjects experienced a positional change 
from head-up to head-down. This postural change from 
positive (α > 0) to negative (α < 0) tilt table angles consis-
tently correlated with increased ICP values (for negative 
angles: α < 0) herein estimated from the equivalent hydro-
static pressure changes. Figure  2b compares PTTC-F and 
estimated CPP values at positive and negative angles. In 
this case, too, we observed significant increases in PTTC-F 
values at negative angles compared with positive angles, 
which also translated into lower CPP values. One subject’s 
CPP values were found to be lower (<50 mmHg) than those 
in the other subjects, likely because of relatively low MAP 
at the beginning of the protocol (~50–60 mmHg).

 Discussion

These results suggest that short-term postural changes in ICP 
can be noninvasively measured by use of our optical-based 
technology, the IPASS system, to extrapolate the pulse tran-
sit time as the time interval between peripheral blood volume 
oscillations (at the fingertip) and cerebral blood volume 
oscillations (PTTC-F). During a head-down tilt, the measured 
increase in PTTC-F was greater than the decrease caused by a 
head-up tilt. These results were consistent with data reported 
by Petersen et al. [5], who observed that during a head-down 
tilt, the increase in invasively measured ICP was greater than 
the decrease observed during a head-up tilt. In fact, Petersen 
et al. [5] reported that postural changes from −20° to +20° 
resulted in a change in ICP from ~20 to ~0 mmHg, while 
postural changes at angles greater than 20° did not result in 
any significant ICP reduction (~0 mmHg). Petersen et al. [5] 
concluded that this finding was the result of formation of a 
smaller hydrostatic gradient at positive tilt angles, possibly 
caused by collapse of major neck veins in order to protect the 
brain from being exposed to a large negative pressure when 
upright. Our findings consistently showed a PTTC-F surge 
when subjects experienced a change from a head-up position 
(α ≥ 0°) to a head-down position (α ≤ −15°), corresponding 
to a PTTC-F change from 17 ± 22 to 106 ± 23 ms (Fig. 2). 

Table 1 Cardiovascular variables (heart rate (HR), stroke volume (SV), cardiac output (CO), mean arterial pressure (MAP), and total peripheral 
resistance (TPR)), intracranial pressure (ICP), and cerebral perfusion pressure (CPP) in response to head-up and head-down postural changes

Tilt angle (°) HR (beats/min) SV (mL) CO (L/min) MAP (mmHg) TPR (mmHg · min · mL−1) ICP (mmHg) CPP (mmHg)

−30 68 ± 13 89 ± 22 6.0 ± 1.5 97 ± 23 0.92 ± 0.42 26.8 ± 1.5 70 ± 23

−15 65 ± 10 96 ± 22 6.3 ± 1.7 95 ± 22 0.88 ± 0.42 19.2 ± 0.8 76 ± 22

0 64 ± 10 100 ± 22 6.4 ± 1.7 92 ± 22 0.84 ± 0.39 11.0 ± 0.0 81 ± 22

15 66 ± 10 92 ± 20 6.1 ± 1.7 92 ± 18 0.86 ± 0.42 2.8 ± 0.8 89 ± 18

30 71 ± 10 84 ± 19 6.0 ± 1.7 95 ± 15 0.89 ± 0.45 −4.8 ± 1.5 100 ± 14

45 76 ± 12 74 ± 19 5.6 ± 1.7 98 ± 12 0.98 ± 0.54 −11.4 ± 2.1 109 ± 12

The values are averaged (mean ± standard deviation) for each respective postural angle for 90 s (the duration of measurement at each tilt angle)
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between cerebral and finger oscillations (a) versus intracranial pressure 
(ICP) estimated from hydrostatic pressure changes in 10 subjects and 
(b) versus cerebral perfusion pressure (CPP) in 7 subjects. PTT was 
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angles (−15° and −30°). Red and purple dashed lines are the average 
value (mean ± SD) for the red and purple dots respectively
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These results highlight the value of the PPT-based method as 
a valid noninvasive technique for monitoring ICP.

Additionally, this work has the merit of showing that our 
cerebral measurements were not strongly influenced by sys-
temic parameters such as MAP and the other cardiovascular 
variables. Indeed, the real-time monitoring of the cardiovas-
cular variables (HR, MAP, TPR, SV, and CO) showed the 
influence of postural changes on each single cardiovascular 
variable at all tilt table angles independently of the estimated 
ICP. As opposed to that, our PTT measurements presented a 
significant change only in correspondence to ICP values esti-
mated to be greater than 10  mmHg (with no significate 
changes across positive angles), thus indicating no correla-
tion between PTT and cardiovascular parameters.

The ICP values reported in this work were mathematically 
estimated by the height of a hydrostatic fluid column calcu-
lated at each angle, which led to negative ICP estimations, as 
shown in Figs. 1 and 2. While we are aware that according to 
Petersen et al. [5], major neck veins should collapse, prevent-
ing negative ICP values, the main contribution of this work is 
to present a noninvasive method to monitor ICP changes and 
investigate PTT behavior for increased (or approaching the 
physiological limit: ~20 mmHg) ICP values.

Future work will be focused on estimating any extracere-
bral contribution to our cerebral blood volume measurements 
and investigating the possibility of noninvasively measuring 
the absolute ICP on the basis of the herein presented PTT- 
based method to assess relative ICP changes. The latter will 
require a clinical study, allowing us to establish a correlation 
between invasively measured—and thus accurate—ICP and 
IPASS PTT readings.
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 Introduction

Transcranial Doppler ultrasound (TCD) is a noninvasive, 
radiation-free technique through which brain hemodynamics 
can be evaluated with good temporal and spatial resolution 
[1]. It is feasible, repeatable, and applicable at the bedside [2].

The most widespread assessments are based on basic 
parameters derived from study of TCD waveforms, such as 
evaluations of systolic, diastolic, and mean cerebral blood 
flow velocities (FVs, FVd, and FVm, respectively) and pul-
satility and resistance indices. More refined assessments may 
be done by advanced TCD measurements such as assess-
ments of cerebral blood flow autoregulation, critical closing 
pressure, wall tension, arterial compliance, the cerebrovas-

cular time constant, noninvasive cerebral perfusion pressure, 
noninvasive intracranial pressure (ICP), and assessment of 
cerebrovascular reactivity [1, 3, 4].

The cerebral venous compartment itself can be studied 
through venous TCD (vTCD), which is still underdeveloped 
and is mostly applied for diagnosis of stroke, dural sinus 
thrombosis, and head trauma [5].

In neurocritical care, vTCD has recently gained more 
attention because of the positive correlation between the 
peak venous blood flow velocity in the straight sinus (FVVs) 
and ICP. (In the abbreviation “FVVs,” “s” stands for “sys-
tolic,” given the resemblance of this peak blood flow veloc-
ity to an arterial systolic peak). This correlation was first 
described by Schoser et al. in 1999 [6] and then reconfirmed 
by a recent study, which demonstrated the significance of 
FVVs and the optic nerve sheath diameter as indirect mark-
ers of ICP [2]. However, there are still concerns regarding 
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the impacts of age and sex on normative values of arterial 
and venous TCD blood flow velocities in healthy 
populations.

The aim of this prospective observational study was to 
evaluate any differences in TCD-derived arterial and venous 
cerebral blood flow velocities assessed in the middle cerebral 
arteries (MCAs) and the straight sinus (SS) in a cohort of 
healthy volunteers of different sexes and different ages.

 Materials and Methods

The study protocol was approved by the relevant research 
ethics board in Genoa, Italy (approval number REC 
031R8G2015) and followed the principles of the Declaration 
of Helsinki.

A total of 134 healthy volunteers were prospectively 
screened between 1 September 2015 and 1 January 2018 at 
Galliera Hospital, Genoa, Italy. We prospectively enrolled 
adult (>18-year-old) Italian healthy volunteers (with an 
American Society of Anesthesiologists (ASA) physical clas-
sification of 1–2) undergoing preanesthetic assessment for 
low-risk surgical interventions at Galliera Hospital.

The inclusion criteria were the absence of any cardiovas-
cular, respiratory, neurological, or systemic pathology, and 
the absence of any chronic diseases and any acute illnesses in 
the 4  weeks preceding the evaluation. All volunteers gave 
their written informed consent before enrollment. The exclu-
sion criteria comprised a history of head injury, pregnancy, 
and inadequate insonation windows (temporal and occipital 
(or transforaminal) windows) for detection of the MCAs and 
SS. Noninvasive mean arterial blood pressure (ABP), heart 
rate, and demographic data were collected.

Two operators with experience of performing more than 
30 examinations collected the TCD measurements. Arterial 
TCD was performed bilaterally on the MCAs through the 
temporal windows at a depth of 45–65 mm, using a handheld 
2-MHz probe (DC-T6, Mindray Medica, Shenzhen, China). 
The bilateral systolic, diastolic, and mean cerebral blood 
flow velocities (FVs, FVd, and FVm, respectively) were 
averaged to obtain the final values of these parameters.

Venous TCD was performed on the SS through the occipi-
tal window at a depth of 50–80  mm [2]. A brief Valsalva 
maneuver was performed to verify the venous origin of the 
flow [6].

The cohort was stratified for sex (male versus female) and 
divided into three different age groups (group 1: young 
adults aged 18–44 years; group 2: middle-aged adults aged 
45–64  years; and group 3: elderly adults aged ≥65  years) 
(Fig. 1).

Statistical analyses were performed using RStudio ver-
sion 3.6.0 software. Continuous variables were expressed as 

median (interquartile range (IQR)). The data were verified 
for normality using the Shapiro–Wilk test. Pearson or non-
parametric Spearman correlation coefficients (R values) 
were used to relate continuous variables to age. A Welch 
two-sample t test or a nonparametric Wilcoxon rank sum test 
was used to evaluate the differences in flow velocities 
between the sexes. One-way analyses of variance (paramet-
ric ANOVAs and a nonparametric Kruskal–Wallis test) and 
then parametric analysis (using a t test with a pooled stan-
dard deviation) or a nonparametric analysis (using a 
Wilcoxon rank sum test), followed by post hoc pairwise 
comparison tests, with Bonferroni correction for multiplic-
ity, were applied to evaluate the differences in blood flow 
velocities with regard to age groups. Multivariable linear 
models were used to assess whether age, sex, and ABP were 
independently related to cerebral blood flow velocities. The 
level of significance was set at P value <0.05.

 Results

A total of 122 healthy volunteers were included in the analy-
sis. The remaining 12 cases were excluded because they had 
inadequate occipital windows.

Considering the entire population, without distinction for 
age and sex subgroups, the cerebral blood flow velocities in 
the arterial compartment were significantly correlated with 
age (FVs: R = 0.27, P = 0.003; FVd: R = 0.28, P = 0.002; and 
FVm: R = 0.32, P = 0.0004). With regard to the venous com-
partment, FVVs values were significantly correlated with 
age (R = 0.22, P = 0.01). Males had significantly higher FVs 
values (104.5 (IQR 95.0–111.0) versus 96.50 (IQR 90.00–
101.00) cm/s, P = 0.01) and FVm values (68.33 (IQR 59.92–
72.83) versus 61.84 (IQR 55.50–67.83) cm/s, P = 0.02) than 
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Fig. 1 Differences in systolic cerebral blood flow velocity (FVs) 
between males and females in group 1 (aged 18–44  years), group 2 
(aged 45–64 years), and group 3 (aged ≥65 years)
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females. No differences between males and females with 
regard to FVd (P = 0.12) and FVVs (P = 0.91) were found.

The multivariable linear model, which included the effects 
of age, sex, and ABP on cerebral blood flow velocities, 
showed that age and sex were independently related to FVs 
(P = 0.001 and P = 0.005, respectively) and FVm (P = 0.001 
and P  =  0.02, respectively), while FVd and FVVs were 
related only to age (P = 0.009 and P = 0.04, respectively) 
(Table 1).

 Discussion

Our results showed a significant difference in arterial FVs 
and FVm between males and females, and increasing flow 
velocities with age, particularly among females. Cerebral 
blood flow velocities in both arterial and venous compart-
ments were significantly influenced by age, and some mea-
surements were also influenced by sex, highlighting that 
these variables can affect cerebrovascular physiology 
[7–10].

It is important to consider any differences between differ-
ent groups in order to better define blood flow velocity 
thresholds. Previous studies have described a decrease in 
arterial cerebral blood flow with aging [11] and higher flow 
velocities in women [7–10], proposing that there are sex- and 
age-related differences in brain hemodynamics. Our results 

contrasted with those findings, and we hypothesized that the 
increase in cerebral blood flow velocity across age groups in 
healthy volunteers may be related to the hormonal variations 
that women experience during the lifespan [12]. The large 
reduction in cerebrovascular reactivity that occurs in women 
after menopause could be linked to the reduction in estrogen 
levels. Estrogens have vasodilatory effects on endothelium 
through stimulation of vascular β-adrenergic receptors, 
which induce nitric oxide production [13]. A reduction in 
estrogen levels could lead to increased risks of hypertension 
and cerebrovascular disease [14, 15], suggesting that hor-
monal alterations may explain the differences in cerebral 
blood flow velocities between premenopausal and postmeno-
pausal women [13].

Despite the importance of the venous compartment, 
which has greater compliance than the arterial one and plays 
a key role in the pathophysiological processes associated 
with intracranial hypertension, vTCD is still a poorly imple-
mented technique.

Valdueza et al. previously studied normal flow velocities 
in the basal cerebral veins in both a healthy population and 
brain-injured patients, finding a significant decrease in FVVs 
in the male population aged over 40  years and unaltered 
FVVs in females of different ages [5]. Baumgartner et  al. 
scanned the straight sinus in healthy volunteers aged between 
20 and 59 years, and reported that the SS detection rate was 
lower in the older population and was challenging in deep 
veins in all age groups [16]. Other studies have employed 
venous TCD for evaluation of dural sinus thrombosis [17, 
18] and cerebral autoregulation [19]. Schoser et al. per-
formed vTCD in 30 healthy volunteers and 25 patients with 
elevated ICP, and found a strong correlation between ICP 
and FVVs. They demonstrated that in the condition of nor-
mal ICP levels, venous cerebral blood flow was comparable 
to control values in their data and in other studies, while 
increased ICP induced a shift in venous blood flow from the 
bridging veins toward the larger sinuses, suggesting that the 
maximal venous cerebral blood flow velocities in the basal 
veins of Rosenthal and SS were linearly related to ICP [6]. 
Similarly, Robba et al. demonstrated that FVVs measured in 
the straight sinus was a robust predictor of ICP in patients 
with a traumatic brain injury, whereas other arterial TCD-
derived parameters did not correlate with invasive ICP [2].

We propose that TCD assessment of both arterial and 
venous compartments could be useful to better understand 
cerebral hemodynamics and the mechanisms that can buffer 
the rise in ICP.

This study had the following limitations. The venous 
sinuses tend to have anatomical variations [6], and we did 
not measure interobserver variability between the two opera-
tors who performed the TCD examinations. However, the 
operators were experienced and underwent the same training 
program to minimize variability between measurements.

Table 1 Variables in the whole population of healthy volunteers and in 
different age subgroups

Total, 
N = 122 Age group

Group 1: 
18–44 years, 
n = 60

Group 2: 
45–64 years, 
n = 41

Group 3: 
≥65 years, 
n = 21

FVs 
[cm/s]

100.00 
(90.50–
108.00)

95.00 
(87.75–
103.50)

100.00 
(94.00–
110.00)

106.00 
(100.00–
112.00)

FVd 
[cm/s]

44.00 
(40.00–
54.00)

45.00 
(40.00–68.33)

45.00 
(40.00–55.00)

54.00 
(44.00–
58.00)

FVm 
[cm/s]

64.17 
(58.08–
71.33)

61.00 
(54.92–68.33)

65.33 
(59.67–65.60)

72.00 
(62.00–
73.33)

FVVs 
[cm/s]

23.00 
(16.25–
32.00)

20.0 
(16.00–28.00)

25.00 
(20.00–38.00)

32.00 
(19.00–
48.00)

Age 
[years]

45.00 
(32.25–
57.25)

31.00 
(24.75–38.00)

50.00 
(46.00–55.00)

72.00 
(67.00–
76.00)

The values are expressed as median (interquartile range)
FVd diastolic cerebral blood flow velocity, FVm mean cerebral blood 
flow velocity, FVs systolic cerebral blood flow velocity, FVVs peak 
cerebral venous blood flow velocity

Arterial and Venous Cerebral Blood Flow Velocities in Healthy Volunteers
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 Conclusion

Our results indicated that there are age- and sex-related differ-
ences in arterial and venous cerebral blood flow velocities. 
More studies in larger cohorts are needed to confirm our 
results and further evaluate the differences in cerebral blood 
flow circulation with regard to sex and the aging process. 
Venous TCD could advance our understanding of the compen-
satory mechanisms that occur in conditions of brain injury.
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 Introduction

Intracranial pressure (ICP), which is usually measured in 
millimeters of mercury (mmHg), is an important invasive 
monitoring parameter in management of patients with acute 
brain injury and compromised brain compliance in an inten-
sive care unit (ICU) setting. Likewise, there are a large num-
ber of minor neurological conditions that can benefit from 
continuous or occasional ICP monitoring as a diagnostic aid, 
as in cases of hydrocephalus, improper operation of ventric-
uloperitoneal valves, or intracranial hypertension caused by 
central nervous system infections [1].

The Monro–Kellie hypothesis states that the cranial com-
partment (comprising three main elements: the brain, the 
cerebrospinal fluid, and the blood) is an inelastic structure 
that maintains the same constant volume, even throughout 
pathological changes. Therefore, an increase in the volume 
of one of those elements will inevitably lead to a decrease in 
one or both of the others [1].

In an ICU context, ICP is monitored by an invasive sensor 
(with a pressure transducer) inserted into the intraventricular 
or intraparenchymal spaces. Although this is an extremely 
accurate method, it is complex and expensive, as it carries 
higher risks of infection and bleeding, and it can be per-
formed only in a restricted number of hospitals that have a 
trained and specialized neurosurgical team available [1].

Taking into consideration the disadvantages mentioned 
above, the need to monitor ICP in patients whose medical 

condition does not justify a high-risk, continuous, and inva-
sive procedure such as neurosurgical insertion of an internal 
sensor has prompted efforts to develop a noninvasive method 
of ICP monitoring.

In this study, we compared the waveforms of standard 
invasive ICP and noninvasive ICP (nICP) monitoring meth-
ods. The noninvasive values were obtained by a strain gauge 
mechanism (a mechanical extensometer) applied over the 
scalp in the temporal window (the parietal region lateral to 
the sagittal suture).

Our goal was to corroborate the similarities between the 
two ICP waveforms (invasive and noninvasive), as well as 
the radial arterial blood pressure (ABP), in order to validate 
the noninvasive method as an alternative to invasive mea-
surements in situations where the waveform can give enough 
clinical information.

We also compared nICP with arterial ABP waveforms to 
verify the possible influence of the peripheral circulation on 
the nICP signal, which is one of the possible limitations of 
the present method.

 Methods

 Subjects

Fifteen patients were screened for the study. After applica-
tion of the patient selection criteria, ten of them were 
included in the study: three with a traumatic brain injury, 
three with a subarachnoid hemorrhage, three with an intra-
cranial hemorrhage, and one who had suffered an ischemic 
stroke.

Nine of the ten patients were male. The mean age was 
58.4  ±  10.4  years, the initial Glasgow Coma Scale (GCS) 
score was 9 ± 4, the mean Simplified Acute Physiology Score 
(SAPS II) was 45.6, and the mean length of stay (LOS) in the 
ICU was 44 ± 45 days.
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 Experimental Protocol

A strain gauge mechanism was first applied over the left or 
right side of the skull, in the parietal region, avoiding the 
temporal arteries. The system then recorded up to 30 min of 
waveforms (nICP, ICP, and ABP), using ICM+ software. 
After a minimum recording time of 30 min on the left side, 
the mechanism was switched over to the right side of the 
skull and the recording process was repeated. The times at 
which the recording started and ended on the right or left side 
were noted, as was other relevant information such as times 
when the patient was moved for cleaning or physiotherapy, 
or was turned by the nursing or medical team, which pro-
duced artifacts in the recording.

 Inclusion Criteria

The study included only patients who were at least 18 years 
old, with an acute brain injury. Patients who had undergone 
decompressive craniectomy or who had an intraventricular 
drain were excluded.

 Data Acquisition and Data Processing

The data were continuously recorded as raw data with ICM+ 
software. The signal preprocessing pipeline was composed 
of several steps: the continuously recorded physiological sig-
nals (ABP, ICP, and nICP) were initially parsed and sliced 
into data chunks, each 1  min in duration, and stored on a 
MongoDB database (MongoDB Inc., New York, NY, USA) 
for further analysis; the segmented signals were then decom-
posed to extract their pulsatile components, using spline 
interpolation [2]; a low-pass finite impulse response (FIR) 
filter with a cutoff frequency of 15 Hz was then applied to the 
resulting signal to eliminate high-frequency noise; pulse 
identification was done via the phase of the Hilbert transform 
[3, 4]; in sequence, the pulses obtained for each signal were 
aligned with the maximum slope of the pulse, and the mean 
pulses per minute were calculated using a nonparametric 
bootstrap method with a 95% confidence interval [5].

From the mean pulses obtained from the data preprocess-
ing pipeline, we calculated the following parameters of the 
ICP and nICP pulses: the time to peak, the ratio between the 
“tidal wave” (P2) and the “percussion wave” (P1), and the 
Isomap [6] projections K1 and K2. The time to peak was 
defined as the difference between the maximal slope of the 

pulse and the time in which the pulse reached its maximum. 
The ratio between P2 and P1 waves was identified using the 
corresponding ABP pulse as an auxiliary signal. The Isomap 
dimensionality reduction method was used to summarize the 
pulse waveform into two dimensions (K1 and K2), preserv-
ing the similarity between the pulses in the original space. 
The amplitude and length of the pulses were normalized 
before application of the Isomap (Fig. 1).

All signal processing and analysis were performed using 
custom programs written in Python, using the libraries 
numpy [7], scipy [8], scikit-learn [9], and matplotlib [10].

 Statistical Analysis

Comparisons between ICP and nICP parameters were evalu-
ated using linear (Pearson) and nonlinear (normalized mutual 
information) correlations [11]. The mutual information was 
calculated on the basis of the respective parameters’ joint 
histograms, using histogram bin size extrapolation as the 
bias correction method [12].

 Results

After application of criteria for signal preprocessing to detect 
good-quality waveforms (signals recorded in ICM+ software 
that had continuous and simultaneous ABP, ICP, and nICP 
pulses) and slicing of those pulses into 1-min data chunks, a 
total of 1504 min of monitoring were studied.

Primarily, a linear correlation analysis was done to evalu-
ate the correlation of the obtained data with ICP versus nICP 
signals. The calculated Pearson’s coefficient showed a weak 
linear association in all of the ICP/nICP parameters (Table 1).

In light of these preliminary weak linear results, and to 
further investigate whether there was a statistical dependence 
between the ICP/nICP parameters, a nonlinear correlation 
method—normalized mutual information—was used. 
Normalized mutual information ranges between 0 (no statis-
tical dependence) and 1 (maximal statistical dependence 
between variables). We also used a nonlinear dimensionality 
reduction technique—Isomap [6] projection of the pulses 
into a bidimensional space (K1 and K2)—to compare the 
entire waveform shape of the invasive and noninvasive ICP 
signals (Fig. 2). This last statistical analysis showed a strong 
nonlinear association in the K1, K2, and P2/P1 ratio vari-
ables. An exception was found in the time-to-peak variable, 
where the nonlinear association remained weak (Table  1, 
Fig. 2).
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Fig. 1 Intracranial pressure and noninvasive intracranial pressure 
monitoring signal-processing pipeline. (a) Raw data and the respective 
spline interpolation curve. (b) Detrended signal. (c) Pulse identification 
based on the Hilbert transform. The red dots show the starts of the 
pulses. (d) Pulse alignment using, as a reference, the maximal slope 

before the pulse maximum. (e) Average pulse with bootstrap confidence 
interval (CI) (a = 0.05, N = 1000). (f) Parameter estimation. In the case 
of the tidal wave/percussion wave (P2/P1) ratio, we use the respective 
arterial blood pressure (ABP) waveform (not shown) to identify the 
peaks. Time to peak (TTP) 
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 Discussion

Although the two methods we used for comparison have 
very different measurement approaches (one being inva-
sive and the other over the skull), both waveforms are gen-
erated by blood inflow into the brain and therefore should 

share some resemblance, at least in the dominant parame-
ters that define and summarize the main waveform charac-
teristics [13, 14].

Therefore, we compared the ICP and nICP waveforms 
with the radial artery blood pressure waveform in an 
attempt to quantify and eliminate the interference of 
peripheral circulation in the nICP waveform parameters 
(one possible limitation of this approach). Such a limita-
tion could be minimized if the noninvasive sensor posi-
tioning was optimized, expressly away from major vessels 
in the parietal region (approximating its pattern to the 
direct ICP waveform). Another limitation of our work was 
that as yet, the method developed by our team does not 
yield pressure values calibrated in millimeters of mercury 
(mmHg). Because of this, it would be interesting to evalu-
ate and compare the waveform morphology between 
groups of patients with different diagnoses (when we have 
a larger number of patients). In that way, we could assess 
whether there is a waveform pattern specific to one condi-
tion or another that could provide relevant information 
about the state and pathophysiology of the patient without 
using the direct mmHg value [1].

Table 1 The studied Pearson correlation and normalized mutual infor-
mation parameters
ICP/nICP 
parameters Pearson

Normalized mutual 
information

K1 0.33 [0.27, 
0.38]

0.65 [0.41, 0.91]

K2 0.22 [0.16, 
0.28]

0.81 [0.62, 0.97]

Tp 0.30 [0.26, 
0.36]

0.25 [0.10, 0.37]

P2/P1 0.40 [0.35, 
0.46]

0.65 [0.53, 0.85]

The values displayed in square brackets are, in fact, the lower and upper 
confidence limits
ICP intracranial pressure, nICP noninvasive intracranial pressure, P2/
P1 tidal wave/percussion wave ratio, Tp time to peak

Parameters K1 and K2
(Based on 10 patients, 1504 minutes)

Wilcoxon p < 0.01 (ICP < nICP)
Pearson correlation = 0.33 [0.27; 0.38]
Mutual information = 0.65 [0.41, 0.91]

Patients 1-10 K1

Wilcoxon p < 0.01 (ICP < nICP)
Pearson correlation = 0.22 [0.16; 0.28]
Mutual information = 0.81 [0.62, 0.97]

Patients 1-10 K2

Fig. 2 Joint histograms of intracranial pressure (ICP) and noninvasive 
ICP monitoring (nICP) parameters. Top left: Time to peak (Tp). Top 
right: Tidal wave/percussion wave (P2/P1) ratio. Bottom left: Isomap 
K1. Bottom right: Isomap K2. Each section of the figure contains three 
panels: the main panel in which the joint density function approxima-
tion is shown and two adjacent panels in which the marginal histograms 

for the parameters can be observed. In each main panel, dark lines rep-
resent a higher concentration of points, as the color bar indicates. The 
values shown in square brackets are the lower and upper confidence 
limits. The densities were approximated by using a kernel density esti-
mation method with optimized bandwidth selection
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 Conclusion

Although the compared waveform parameters of ICP and 
nICP showed strong nonlinear coupling in all but one param-
eter, the results presented in this work are preliminary. 
Therefore, mutual information analysis of a larger patient 
sample with a longer monitoring time would be helpful to 
build refined models and to improve the understanding of the 
waveform relationships [1].

Thus, we intend to proceed to a demographic analysis of 
the P2/P1 ratio and the normalized time to peak. Given the 
importance of ICP waveform analysis in management of the 
clinical state of patients with an acute brain injury, and the 
similarities given by the strong nonlinear correlation between 
the invasive and noninvasive parameters, we believe that the 
noninvasive method could be used for monitoring relative 
changes in ICP, despite the absence of absolute values in 
mmHg.
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 Introduction

A raised intracranial pressure (ICP) and a reduced cerebral 
perfusion pressure (CPP) are long-established and important 
causes of secondary brain injury and are associated with 
worsened clinical outcomes after traumatic brain injury 
(TBI) [1]. Monitoring and management of ICP/CPP has 
become a cornerstone of severe TBI management. The 2016 
Brain Trauma Foundation (BTF) guidelines recommend 
keeping ICP at <22 mmHg and CPP strictly between 60 and 
70 mmHg [2]. Whether a fixed therapeutic CPP target range 
is suitable for all individual TBI patients is the subject of 
scientific debate. Potentially, individualizing therapies and 

tailoring medical treatment to dynamic pathophysiology 
could offer a precision medicine approach with advantages 
over the current ‘one size fits all’ strategy. The authors of the 
recently published SIBICC [Seattle International Severe 
Traumatic Brain Injury Consensus Conference] algorithm 
have presented expert recommendations for treatment of 
adult patients with ICP management [3]. In addition to for-
malizing what is already known, the SIBCC consensus 
includes new content. The authors recommend a mean arte-
rial pressure (MAP) challenge to assess the state of cerebral 
autoregulation  (CA). If MAP augmentation results in a 
reduction in ICP (confirming some degree of working CA), 
an increase in MAP can be used as a method to reduce ICP 
in an individual patient. This concept is not completely new; 
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it was previously proposed some decades ago, with very 
mixed results. In an editorial accompanying the publication 
of the SIBICC algorithm, Smith and Maas consider the ‘one 
size fits all’ and escalating ‘staircase’ approaches to ICP/
CPP management undesirable and strongly support future 
development of recommendations for targeted individ-
ual  approaches [4]. Autoregulation-guided CPP  treatment 
could be one of the more personalized approaches to ICP 
management based on current understanding of the underly-
ing pathophysiology of TBI.  In healthy individuals, CA 
maintains constant and adequate cerebral blood flow (CBF), 
thereby protecting the brain from both ischaemia and hyper-
perfusion in the face of inevitable changes in CPP [5]. 
However, after TBI, CA can frequently be impaired, and this 
impairment is statistically related to poor outcomes [1]. This 
chapter describes the progress of the first randomized trial in 
four European centres of cerebral autoregulation-orientated 
management of TBI patients, with results expected to be pre-
sented early 2021. 

 Methods

 The CPPopt Concept and COGiTATE

Czosnyka et  al. first proposed use of a moving correlation 
coefficient (the pressure reactivity index (PRx)) between 
slow changes in MAP and ICP as a surrogate method for 
continuous bedside estimation of global CA. This concept 
has attracted interest in the last decade, with the observation 
that PRx and CPP often exhibit a U-shaped relationship over 
time, with a minimum PRx value occurring at a CPP value at 
which cerebrovascular pressure reactivity is best preserved 
(or least impaired) [6, 7]. These observations provide the 
rationale for the hypothesis that targeting a CPP value such 
that global CA is best could be a potential strategy for indi-
vidualizing CPP targets. Indeed, deviations from this ‘opti-
mal’ CPP (CPPopt) value have been associated with worse 
outcomes in retrospective studies [7]. However, this concept 
has never been studied prospectively.

In this chapter, we describe the current status of the 
COGiTATE [CPPopt Guided Therapy: Assessment of Target 
Effectiveness] study (www.cppopt.org) [8]. This is a pro-
spective, multicentre, non-blinded, randomized, controlled 
trial in patients with severe TBI. Unconscious adult patients 
with severe TBI with an indication for ICP monitoring are 
recruited in the first 24 h of admission to the intensive care 
unit (ICU) and randomized into one of two treatment arms: 
the control group (with a CPP target of 60–70  mmHg in 
accordance with the BTF guidelines) and the intervention 
group (with an ‘optimal’ CPP target (CPPopt) based on 

the  CA  status). The duration of the intervention is maxi-
mum 5 days. Other therapies (such as measures to control 
ICP) are unaltered from local protocols. In this study, ICP 
and arterial blood pressure (ABP) are monitored as per nor-
mal clinical practice in the ICU: ICP is recorded by a paren-
chymal ICP probe, and ABP is monitored by invasive 
arterial cannulation in the radial or femoral artery and 
zeroed at the level of the foramen of Monro. The data are 
collected at a frequency ≥100  Hz (waveform resolution) 
and processed by means of ICM+® software (Cambridge 
Enterprise, Cambridge, UK; http://icmplus.neurosurg.cam.
ac.uk) at the bedside. Compliance with the protocol is 
assessed at 4-hourly CPP treatment reviews. The 4-h inter-
val is a pragmatic choice [9]. To facilitate the compliance 
assessment, a custom module has been implemented in 
the ICM+ software, with a system of alert and review forms 
designed specifically for this trial. At the review time points, 
a CPP target is suggested by the software, according to 
the randomisation group. The treating clinicians may devi-
ate from the suggested target but must provide their pro-
posed target and clinical rationale for deviation in a 
structured short questionnaire presented by the software. 
CPPopt is calculated using a multi-window weighted 
approach, inspired by Depreitere et al. [10], which was sub-
sequently implemented in the  ICM+ software and investi-
gated in a retrospective TBI data set by Liu et al. [11]. The 
algorithm has been further adapted by Beqiri et  al. [8] to 
make it more suitable for prospective bedside use. The pri-
mary end points are (1) feasibility: the percentage of moni-
tored time with measured CPP within a range of 5 mmHg 
above or below the dynamic CPP target; and (2) safety: the 
daily (intracranial hypertension)  therapy intensity level 
(TIL) score [12]. The secondary end points are markers that 
suggest differences in organ dysfunction. The study is pow-
ered to accomplish a relative increase of 20% in monitored 
time with CPP close to the individual CPP target. The study 
is not designed to assess differences in clinical outcomes. 
Our protocol does not allow us to perform and report any 
interim analysis; in this report, we provide a qualitative 
description of our study experiences.

 Results

Three tertiary centres have been involved since the start of 
the study: Maastricht University Medical Centre (coordinat-
ing centre, Maastricht, the Netherlands), Cambridge 
University Hospitals NHS Foundation Trust (Cambridge, 
UK), and Catholic  University Hospitals Leuven (Leuven, 
Belgium). The first patient was randomized in February 
2018. In March 2019, a fourth study  centre was added: 
Radboud University Medical Centre (Nijmegen, the 
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Netherlands). Figures 1 and 2 provide examples of record-
ings from two randomized patients. The first example (Fig. 1) 
shows a recording from a patient who was randomized into 
the intervention group. Besides data on basic monitoring 
variables, data on trends in CPPopt and PRx are available to 
the treating clinicians. The patient in the second example 
(Fig. 2) was randomized into the control group, with a target 
CPP of 60–70 mmHg. On the overview screen, time trends in 
CPP, ABP and ICP are displayed. CA information is hidden 
from the treating clinicians. The study enrolment rate is 2.4 
patients per month (Fig. 3). As of October 2019, 51 patients 
were randomized (85% of the intended total). At the same 
randomization rate, we expect enrolment to be finished 
around February 2020.

 Discussion

In this chapter, we provide an update of the phase II 
COGiTATE study in severe TBI patients with ICP monitor-
ing. This prospective evaluation of the feasibility, safety and 

physiological implications of autoregulation-guided man-
agement is providing evidence that will be useful in the 
design of a phase III outcome  study. Several homeostatic 
processes contribute to the adequate delivery of oxygen- and 
nutrient-rich arterial blood to the brain to match metabolic 
demands. These processes operate at distinct frequencies to 
precisely regulate CBF. There is a long-standing belief that 
the lower limit of cerebral autoregulation (LLA) is 50 mmHg 
and that the upper limit of autoregulation (ULA) is 
150 mmHg, based on a seminal report published by Lassen 
in 1964 [13]. However, the acceptance of these limits of 
autoregulation as a ‘simple’ guiding principle for haemody-
namic management has been challenged by many studies 
[14]. The data support the notion that the upper and lower 
limits should be defined individually and cannot be deter-
mined accurately on the basis of population data. Many clini-
cal methods of CA monitoring involve assessment of 
cerebrovascular reactivity (PRx) to continuously evaluate the 
correlation between spontaneously occurring slow-wave 
changes in MAP and ICP. In this way, they avoid the need to 
lower or raise ABP significantly in order to assess the limits 
of autoregulation, especially in patients who have compro-
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Fig. 1 Example of a (retrospective) 1.5-day recording from a patient 
randomized into the intervention group of the COGiTATE [CPPopt 
Guided Therapy: Assessment of Target Effectiveness] study. Six times 
daily, a CPP review is requested at the dotted vertical line time stamps. 
Physiological trends that are available to the clinical team for the cere-
bral perfusion pressure (CPP) target reviews are the CPP, ‘optimal’ CPP 
(CPPopt), arterial blood pressure (ABP), intracranial pressure (ICP) 

and pressure reactivity index (PRx). The CPP targets suggested during 
the reviews are displayed at the bottom of the figure. Adherence to a 
‘clinical’ target is suggested by the software when (1) no CPPopt value 
can be computed or (2) the CPPopt value is out of range (<50 mmHg or 
>100 mmHg). Small gaps are present in the CPPopt trend line. The first 
gap can be explained by the algorithm criteria, as at least 4 h of data 
recording are needed before the first CPPopt value can be computed
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mised organ perfusion or brain swelling. The CPPopt con-
cept relies on this latter methodology, with the compromise 
that often only parts of the autoregulation curve are avail-

able. However, with long-term and continuous monitoring—
which is currently limited to invasive and robust monitoring 
signals such as ICP—the CPP value at which autoregulation 
is best preserved (CPPopt) can be identified.

At the moment, the benefit of autoregulation-guided per-
fusion therapy is being tested in different patient groups. To 
evaluate the importance of autoregulation-guided therapy to 
patient outcome after cardiac surgery, a recent prospective, 
randomized, single-blinded study was completed. This 
study assessed use of a MAP target greater than the LLA 
(using transcranial Doppler ultrasound measurements) dur-
ing cardiopulmonary bypass versus usual institutional care 
in which MAP targets were chosen empirically [15]. In a 
subset of 199 patients (in whom postoperative delirium test-
ing was performed), the odds of delirium were reduced by 
45% in the group whose MAP targets were determined by 
CA  monitoring (odds ratio 0.55, 95% confidence interval 
0.31–0.97, P  =  0.04). Petersen et  al. conducted a single-
centre, prospective (observational) cohort study of patients 
undergoing endovascular therapy (ET) after a large-vessel 
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Fig. 2 Example of a 1.5-day recording from a patient randomized into 
the control group  of the COGiTATE [CPPopt Guided Therapy: 
Assessment of Target Effectiveness] study. Six times daily, a review is 
filled in, shown by the dotted vertical  lines. Trend lines for cerebral 
perfusion pressure (CPP), arterial blood pressure (ABP) and intracra-

nial pressure (ICP) are shown. The CPP targets suggested during the 
reviews are displayed at the bottom of the figure. In the control group, 
the suggested targets are those recommended by the Brain Trauma 
Foundation (BTF) guidelines (60–70 mmHg) [2]
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occlusion ischaemic stroke [16]. Autoregulatory function 
was measured continuously for 24  h following thrombec-
tomy by interrogating changes in tissue oxygenation (mea-
sured by near-infrared spectroscopy) in response to changes 
in MAP, using time correlation analysis (TOx). The data 
showed that exceeding individualized thresholds of CA was 
associated with haemorrhagic transformation and worse 
functional outcomes even after adjustment for prognostic 
covariates.

 Conclusion

ICU clinicians now have a potential tool for  individualiz-
ing  an ‘optimal’ CPP target based on continuous cerebral 
blood volume (autoregulation) monitoring. This intervention 
protocol is currently being tested in the COGiTATE feasibil-
ity and safety study, which is close to reporting its first 
results. Current (retrospective) data point to the limitations 
of using a fixed CPP range for a heterogenic TBI population 
because the individual’s LLA or ULA may or may not be 
within this arbitrary range.
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 Introduction

Setting the mean arterial pressure (MAP) during cardiopul-
monary bypass (CPB) in cardiac surgery remains a real 
challenge. A recent trial tested two levels of MAP (70–80 
versus 40–50 mmHg) to prevent cerebral injury [1] but did 
not find any differences between the two treatment groups 
and concluded that MAP had to be individualized for each 
patient. This concept was largely explained in a recent 
review [2]. Both hypotension and hypertension during car-
diac surgery are detrimental to cardiac surgical patients. 
Blood pressure management based on a personalized target 
is promising in further improving neurological outcomes 
after cardiac surgery [2]. The remaining question is how to 
identify this target in an individual patient. Currently, the 
best tool to determine this target is probably cerebral auto-
regulation monitoring, as was concluded in a recent ran-
domized trial [3].

The cerebral autoregulation status can be measured by the 
mean velocity index (Mx), which is a moving Pearson cor-
relation coefficient between paired MAP and cerebral blood 
flow velocity values. It is able to give the autoregulation sta-
tus on a continuous basis. Other indices have been developed 
for use during cardiac surgery, such as the cerebral oximetry 
index (COx), using near-infrared spectroscopy (NIRS) tech-
nology [2, 4]. Overall, Mx is considered the best noninvasive 
tool to assess autoregulation in the operating room [5], and it 

was evaluated in a recent randomized trial where its use to 
set MAP during CPB decreased postoperative delirium.

Currently, in a large majority of publications, Mx is calcu-
lated as a continuous, moving Pearson’s correlation coeffi-
cient between MAP and transcranial Doppler ultrasound 
(TCD) mean velocity (MV). Consecutive, paired, 10-s aver-
aged values over a 300-s duration are used for each calcula-
tion, incorporating 30 data points to display an Mx value. 
When autoregulation is intact, there is no correlation between 
cerebral blood flow (CBF) and MAP, and the Mx value 
approaches 0. When autoregulation is impaired, the Mx 
value approaches 1. The length of the average window is sel-
dom discussed in the literature. However, Mx was first devel-
oped in neurointensive care with small and slow variations in 
MAP and very long data recordings (lasting for several 
days). In the cardiac surgery field, there are bigger and faster 
MAP variations. Therefore, the aim of this study was to test 
a new setting of Mx calculation with shorter average periods. 
We kept the same sample with 30 data points being used to 
calculate Mx, but we decreased the average period from 10 
to 2 s. Our hypothesis was that in cardiac surgery, the arterial 
pressure modification amplitude and its consequences for 
CBF would be better assessed with these more rapid 
settings.

 Materials and Methods

In patients under general anaesthesia, after induction, TCD 
(Waki-Atys®) monitoring of the middle cerebral arteries was 
performed using a smart automatic robotic probe. Digitized 
arterial blood pressure and TCD signals were processed 
using OptiMAP software. OptiMAP was developed to moni-
tor autoregulation and was installed in the TCD device 
(Fig. 1).

The clinicians did not use the OptiMAP software and 
autoregulation data to optimize haemodynamic status during 
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the surgery. They had access only to the absolute values of 
MV and other traditional markers (the systolic velocity, dia-
stolic velocity, pulsatility index and their trends). MAP man-
agement was at the discretion of the clinicians, who could 
change the goals on the basis of the monitoring data.

We compared two methods of Mx calculation offline to 
assess the lower limit of autoregulation (LLA): Mx10s, with 
long averaging windows of 10  s [2, 3, 5], and Mx2s, with 
short averaging windows of 2 s. Mx10s requires a minimum 
recording of 5 min of data to calculate the first value, and this 
value is refreshed every 10  s. With Mx2s, the first value is 
available after 1 min, and this is refreshed every 2 s. Mx2s and 
Mx10s were used during a short 15-min recording to assess 
LLA. As described in the literature, Mx10s was used as the 
gold standard to determine LLA on the overall recording 
during the surgery. Autoregulation was considered lost 
(defining the LLA) when Mx increased to >0.35.

Demographic and general data on the patient were col-
lected (age, sex, and data on the timing of different aspects of 
the surgery), as well as haemodynamic data. The recordings 
were post-analysed by one investigator not involved in 
patient care. After the artefacts were cleaned up, the whole 
monitoring was analysed with Mx10s and the 15-min sample 
was analysed with Mx2s and Mx10s. The Mx values were plot-
ted as a function of MAP in 5-mmHg bins with the number 
of MAP values used to construct each bin (Fig. 1).

 Results

Five patients (three men and two women) were enrolled in 
our preliminary pilot study. All results are expressed as 
mean  ±  standard deviation. The age of the patients was 

71 ± 6 years. The surgery lasted for 138 ± 32 min and CBP 
lasted for 72 ± 33 min. MAP and MV on TCD were recorded 
continuously for 117 ± 24 min. MAP was very labile, vary-
ing between 33  ±  10 and 92  ±  10  mmHg throughout the 
entire CPB recording. During the 15-min recording, MAP 
was also very labile, varying from 40  ±  6.3 to 
90 ± 5.5 mmHg.

During a period of 15 min with huge and rapid variations 
in MAP, LLA could not be calculated with Mx10s in any 
patient (the Mx value was never under 0.35), whereas LLA 
was able to be calculated with Mx2s in all patients.

The LLA value calculated from the whole CPB recording 
with Mx10s was similar to that calculated using Mx2s in 
15 min (70 ± 2.5 versus 73 ± 3.5 mmHg).

During the whole recording, the MV value below LLA was 
lower than the MV value above LLA (33 ± 9 versus 40 ± 11 cm/s, 
P = 0.004). The MV value at LLA (38 ± 10 cm/s) did not differ 
from that at higher MAP values (40 ± 11 cm/s), pleading also 
for a correct LLA assessment detection with the Mx10s.

In our cohort, the MAP value remained under LLA for 
48 ± 12% of the recording period.

 Discussion

These data show that during acute variations in MAP (from 
40 ± 6.3 to 90 ± 5.5 mmHg during a 15-min recording), Mx2s 
can rapidly provide a minimal acceptable MAP value to pre-
serve CBF, whereas Mx10s is unable to help clinicians in this 
way. In the area of patient-centred care, use of Mx as a tool 
to personalize MAP in each patient is promising.

Rapid cerebral autoregulation assessment at the start of 
the procedure may lead the clinician to consider LLA as a 

a b

Fig. 1 Two screenshots from OptiMAP software (the post-treatment 
analysis screen) during cardiac surgery in the same patient. Left panel: 
Quick assessment of the lower limit of autoregulation (LLA) with Mx2s 
(grey bars) and Mx10s (white bars) during 15 min of recording. Right 
panel: LLA assessment with Mx10s (grey bars) during the whole record-

ing. The top graphs (A) show the mean arterial pressure (MAP) and 
mean velocity trends during the whole procedure; the middle graphs 
(B) show the Mx2s and Mx10s trends; and the bottom graphs (C) show 
the Mx values versus MAP clustered in 5-mmHg intervals, with the Mx 
value 0.35 shown in each graph by a horizontal white line
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possible MAP target. Decreasing the average window 
exposes this marker to an increase in artefact noise on the 
signal; thus, it is less efficient for longer trends, such as those 
observed in the intensive care unit. However, in this specific 
setting of haemodynamic instability, Mx2s can analyse cere-
bral autoregulation, unlike Mx10s. Furthermore, despite its 
short period of analysis, the LLA value observed with Mx2s 
was also comparable to that observed with Mx10s during the 
whole recording period.

Our study had several limitations. First, we chose as a 
definition of autoregulation an Mx value lower than 0.35. 
The Mx cut-off value indicating loss of autoregulation (and 
thus providing the LLA) is not clearly known and has been 
described as being between 0.25 and 0.5 [6]; a recent pro-
spective intervention study chose a value of 0.4 [3]. In that 
study, the authors suggested that individualizing MAP dur-
ing CPB on the basis of cerebral autoregulation monitoring 
could be effective in reducing the incidence of postoperative 
delirium. They used LLA as the minimal tolerable MAP 
value during CPB. They assessed LLA during the first part of 
the surgery (before CPB was started). During CPB, the 
patient’s MAP was targeted to be greater than the LLA value. 
In the control group, the MAP targets were determined 
according to institutional practice. The LLA value was deter-
mined prior to CPB on the basis of the highest MAP value at 
which Mx increased from <0.4 to ≥0.4. When Mx did not 
cross 0.4 clearly, LLA was defined as the blood pressure with 
the lowest Mx value (the MAP value with the best autoregu-
lation). This methodological detail is very relevant. Indeed, 
like those authors, we experienced some difficulties in 
assessing LLA quickly in the first part of the procedure with 
the classic Mx as was described by Czosnyka et al. [5] more 
than 10 years ago.

The main limitation of our study was definitely the small 
number of patients. It was only a preliminary pilot study to 
provide a proof of concept. Further studies are planned to 
test this concept in a larger cohort.

Finally, a technical limit of Doppler measurement is the 
recording of surgical artefacts. Indeed, we observed that the 
surgeon’s electrosurgical knife generated noise during the 
first part of the procedure. These artefacts interfere with use 
of TCD and compromise use of Mx in the pre-CPB period. 
To avoid this problem, it would be interesting to develop an 
automatic ‘signal cleaner’ at some stage.

These difficulties in recording a good signal in the operat-
ing room provide a strong argument for developing quicker 

LLA assessment techniques that could be used before the 
surgery is started. With this new specific setting of Mx and 
LLA calculation within a shorter period (15 min), we have 
proposed a new tool to help clinicians use autoregulation 
monitoring. With a MAP value below the LLA value 50% of 
the time in this observational study, traditional management 
of MAP may not be aggressive enough to avoid ischaemic 
consequences for the brain.

 Conclusion

Cardiac surgery is characterized by acute haemodynamic 
variations. Use of a shorter Mx sampling window (2 s versus 
10  s) allows accurate LLA detection within 15  min. Such 
rapid and sophisticated detection could assist clinicians with 
better MAP target management during CPB. Further studies 
should be performed to validate these initial findings.
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 Introduction

Despite recent advances in neurocritical care, severe trau-
matic brain injury (TBI) is still associated with a high mor-
tality rate, and the majority of survivors experience some 
degree of ongoing disability [1]. One of the primary goals of 
the neurological intensive care unit (ICU) is to achieve ade-
quate cerebral perfusion pressure (CPP) (the difference 
between the mean arterial pressure and intracranial pres-
sure). Current Brain Trauma Foundation guidelines recom-
mend aiming for 60–70  mmHg in adults [2]. Recently, 
attempts have been made to move away from the “one-size- 
fits-all” approach towards cerebral autoregulation-based 
management to improve patient outcomes.

Novel management strategies for patients with severe TBI 
involve the continuous bedside calculation and targeting of 
the CPP where cerebral autoregulation (CA) is optimal 
(CPPopt). CA is the maintenance of constant cerebral blood 
flow (CBF) despite changes in CPP [3]. Cerebral autoregula-
tory mechanisms are only active within a certain CPP range 

and are frequently disturbed during TBI. If CA is impaired, 
changes in CPP result in changes in CBF, causing further 
brain tissue injury [3, 4]. Since it is apparent that different 
patients have different CPPopts, patient outcomes may also 
be improved through individualised targeting of mean arte-
rial pressure (MAP) in the pre-ICU period where intracranial 
pressure (ICP) is presumed elevated but CPPopt cannot be 
calculated [5, 6].

Several demographic and clinical characteristics are 
established predictors of prognosis in TBI [7, 8]. To date, the 
relationship between these characteristics and CPPopt has 
not been directly quantified. Quantifiable relationships, if 
they exist, would have potential for use in the prediction of 
CPPopt in the pre-ICU setting. Additionally, they may have 
significant implications for future guidelines recommending 
CPP targets in ICUs. Therefore, the aim of this study was to 
define the relationship between calculated CPPopt and clini-
cal characteristics.

 Materials and Methods

This retrospective analysis included data from TBI patients 
admitted to the neurological ICU at the Institute of 
Neurological Sciences, Glasgow, with CPPopt values calcu-
lated by applying the DATACAR-LAx method to continuous 
recordings of ICP and MAP [9]. The patient data had been 
collected as part of the Connecting Healthcare and Research 
Through A Data Analysis Provisioning Technology (CHART- 
ADAPT) project. Linear mixed effects (LME) analysis was 
performed using an unadjusted-adjusted approach. Variables 
of interest were treated as fixed effects in order to quantify 
their relationship with CPPopt. The random effect of study 
ID was included to allow the intercept to vary per patient, 
accounting for the correlation between repeated observations 
of CPPopt in each individual. Unadjusted models were cre-
ated for each variable: time from initiation of ICP  monitoring, 
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age at admission to ICU, gender, features of the computed 
tomography (CT) brain scan (the presence of extradural hae-
matoma, acute subdural haematoma, contusions, diffuse 
axonal injury (DAI), traumatic subarachnoid haemorrhage, 
midline shift and non-evacuated haematoma), multiple 
trauma, pre-intubation Glasgow Coma Score (GCS) and pre-
intubation pupil response to light. Variables were selected for 
inclusion in an adjusted model at a significance level of 
p < 0.10. A second adjusted model including all variables of 
interest was also assessed. The level for statistical signifi-
cance of covariates in adjusted models was p < 0.05. Only 
patients with data for all required variables were included in 
model synthesis, so no missing data were included in the 
final analysis. Model accuracy for predicting CPPopt was 
assessed by calculating the RMSE. The most effective model 
for predicting CPPopt was that with the lowest RMSE. Data 
analysis was conducted using the R statistical computing 
environment (version 3.5.3) [10].

 Results

Characteristics of the 36 patients included in the analysis are 
shown in Table 1. The median age was 44.5 years (interquar-
tile range (IQR) = 33.5–54.3 years). The majority of patients 
were male (83.3% male, 16.7% female). A fall was the most 
common mechanism by which TBI occurred (55.6%). The 
median CPPopt was 66.0 mmHg (IQR = 59.3–75.1 mmHg). 
The median total monitoring time across which ICP data 
were recorded in an individual patient was 2515.0  min 
(IQR = 1005.4–3959.9 min). The results of the unadjusted 
analysis are shown in Table 2. Time from initiation of ICP 
monitoring, age at admission to ICU and the presence of 
DAI reached the significance threshold for inclusion in the 
adjusted model. In this model, time and DAI were significant 
covariates (Table 3); CPPopt increases as time from initia-
tion of ICP monitoring increases (estimate  =  0.00292, 
p  <  0.001), and the presence of DAI is associated with a 
lower CPPopt (estimate = −35.5, p < 0.001). Age at admis-
sion to ICU has a negative relationship with CPPopt but was 
not statistically significant (estimate = −0.267, p = 0.0750). 
The random effect of study ID on the intercept had a stan-
dard deviation of 10.7 mmHg. The RMSE was 8.11 mmHg. 
The fit of this model to the original CPPopt data is shown in 
Fig. 1. Figure 2 shows examples of the fit of the model to 
CPPopt data from individual patients included in the study. 
The second adjusted model contained all variables of inter-
est. Statistically significant covariates were time from initia-
tion of ICP monitoring, the presence of DAI and the presence 
of non-evacuated haematoma. According to this model, 
CPPopt increases as time from initiation of ICP monitoring 

Table 1 Characteristics of patients included in analysis

Characteristic (n)a

Patients included in 
analysis

Age, years (36)—median (IQR) 44.5 (33.5–54.3)

Gender (36)—no. (%)

  Male 30 (83.3)

  Female 6 (16.7)

Mechanism of injury (36)—no. (%)

  Fall 20 (55.6)

  MVC pedestrian 5 (13.9)

  MVC car 4 (11.1)

  MVC motorcycle 1 (2.8)

  Assault 2 (5.6)

  Seizure 1 (2.8)

  Sport 1 (2.8)

  Unknown 2 (5.6)

Features of CT brain scan (35)—no. (%)

  EDH 7 (20.0)

  ASDH 23 (65.7)

  Contusions 31 (88.6)

  DAI 2 (5.7)

  Traumatic SAH 28 (80.0)

  Midline shift 21 (60.0)

  Non-evacuated haematoma 34 (97.1)

Multiple trauma (35)—no. (%)b 6 (17.1)

Pre-intubation GCS—median (IQR)

  Eye opening (34) 1 (1–2)

  Motor response (35) 4 (2–5)

  Verbal response (33) 2 (1–2)

Total (33) 7 (6–8)

Pre-intubation pupil response to light 
(34)—no. (%)

  Both reactive 26 (76.5)

  One reactive 4 (11.8)

  None reactive 4 (11.8)

Total monitoring time per patient, minutes 
(36)—median (IQR)

2515.0 
(1005.4–3959.9)

IQR interquartile range, MVC motor vehicle collision, CT computed 
tomography, EDH extradural haematoma, ASDH acute subdural hae-
matoma, DAI diffuse axonal injury, SAH subarachnoid haemorrhage, 
GCS Glasgow Coma Scale
aDue to missing values, total number of patients with data for each char-
acteristic varies
bMultiple trauma was defined as the presence of at least one extracranial 
injury requiring medical treatment
cThe Glasgow Coma Scale is used to communicate the level of con-
sciousness of patients. Eye opening is scored from 1 to 4, motor 
response is scored from 1 to 6, and verbal response is scored from 1 to 
5 [11]
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increases (estimate = 0.00295, p < 0.001), the presence of 
DAI is associated with a lower CPPopt (estimate = −67.5, 
p < 0.001), and the presence of non-evacuated haematoma is 
associated with a higher CPPopt (estimate  =  62.3, 
p = 0.00208). The other covariates were not statistically sig-
nificant. The random effect of study ID on the intercept had 
a standard deviation of 8.20  mmHg. The RMSE was 
8.09 mmHg.

 Discussion

To date, the relationship between CPPopt and clinical vari-
ables has not been directly quantified or translated into a pre-
dictive model. In this exploratory study, the relationship 
between CPPopt and several patient demographic and clini-
cal characteristics was defined by LME analysis. Two LME 
models were produced to predict CPPopt from demographic 
and clinical data.

LME analysis revealed a negative relationship between 
age and CPPopt, which failed to reach statistical significance 
but was included in an adjusted model (Fig. 1). While the 
estimate was of small magnitude, the model indicates that an 
age difference of 24 years is required to cause a 5 mmHg 
lower CPPopt, which, over prolonged periods, is associated 
with increased mortality in TBI [12, 13]. Current evidence 
supports the hypothesis that increasing age is associated with 
higher CPPopt [14–16]. The contradictory finding of this 
study may be explained by the fact that age did not statisti-
cally significantly contribute to the model, indicating that 
there is a need to perform similar analyses on larger TBI 
cohorts to elucidate the true relationship.

It is known that CPPopt exhibits inter-individual as well 
as intra-individual variation over time [17]. In this study, 
time was highly significant in both linear models. A patient 
would require an ICU stay of 28.5 h to exhibit a 5 mmHg 
increase in CPPopt. The median duration of monitoring time 
for patients included in this study exceeded 28.5 h, highlight-
ing that time has a clinically significant impact on CPPopt. 
However, it was clear that the positive relationship modelled 
did not fit the time trend exhibited by every patient (Fig. 2). 

Table 2 Unadjusted linear mixed effects analysis of relationship 
between demographic and clinical characteristics and optimal cerebral 
perfusion pressure

Variable Estimate (SE)a p-valueb

Standard deviation 
of the random 
intercept (mmHg)

Time from 
initiation of ICP 
monitoring (min)

0.00263 
(1.73 × 10−5)

<0.001 13.4

Age at admission 
to ICU (years)

−0.267 
(0.136)

0.0576 12.9

Gender male −4.69 (6.03) 0.442 13.5

EDH yes −3.60 (5.78) 0.537 13.7

ASDH yes 4.30 (4.84) 0.380 13.6

Contusions yes −8.83 (7.14) 0.225 13.4

DAI yes −33.8 (8.09) <0.001 11.1

Traumatic SAH 
yes

−7.34 (5.67) 0.204 13.4

Midline shift yes 2.15 (4.73) 0.653 13.7

Non-evacuated 
haematoma yes

−0.724 (13.9) 0.959 13.7

Multiple trauma 
yes

−0.5246 
(6.17)

0.933 13.7

GCS eye opening −1.49 (2.21) 0.505 13.9

GCS motor 
response

1.61 (1.47) 0.280 13.5

GCS verbal 
response

0.786 (2.13) 0.715 14.1

GCS total 0.454 (0.856) 0.600 14.1

Number of pupils 
responsive to lightc

  One 5.22 (7.22) 0.475 13.4

  None −11.6 (7.23) 0.119

Results presented to 3 significant figures
Equation = CPPopt ~ variable + (1 | study ID). Variables were treated as 
fixed effects. The random effect of study ID on the intercept was 
assessed, with the intercept being allowed to vary randomly according 
to patient. CPPopt optimal cerebral perfusion pressure, ICP intracranial 
pressure, ICU intensive care unit, EDH extradural haematoma, ASDH 
acute subdural haematoma, DAI diffuse axonal injury, GCS Glasgow 
Coma Scale
aEstimate of coefficient with standard error (SE)
bSignificance level p  <  0.10 for determining variables to include in 
adjusted model to reduce risk of bias and overfitting of final model
cReference category was both pupils responsive to light

Table 3 Adjusted linear mixed model of optimal cerebral perfusion 
pressure
Variable Estimate (SE)a p-valueb

Fixed effects

Intercept 72.1 (5.42) <0.001

Time from initiation of ICP 
monitoring (minutes)

0.00292 
(1.96 × 10−5)

<0.001

Age at admission to ICU (years) −0.211 (0.114) 0.0750

DAI yes −35.5 (7.81) <0.001

Random effects

Intercept 10.7c –

Results presented to 3 significant figures
Equation = CPPopt to time from initiation of ICP monitoring + age at 
admission to ICU  +  DAI + (1 | study ID). Time, age and DAI were 
treated as fixed effects. The random effect of study ID on the intercept 
was assessed, allowing the intercept to vary randomly according to 
patient. CPPopt optimal cerebral perfusion pressure, ICP intracranial 
pressure, ICU intensive care unit, DAI diffuse axonal injury
aEstimate of coefficient with standard error (SE)
bSignificance level p < 0.05
cStandard deviation of random intercept
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Overall, the results of this study emphasise the importance of 
continuously calculating CPPopt across a patient’s entire 
period of ICP monitoring, rather than performing a single 
initial calculation.

The only CT characteristic to significantly affect CPPopt 
in the first adjusted model was DAI. Its presence was associ-
ated with a substantial reduction in the predicted CPPopt. 
However, the estimate of effect was very imprecise as only 
two patients in the study had DAI on CT.

The existence of a model to predict CPPopt would dra-
matically improve MAP targeting in patients with severe 

TBI prior to commencement of ICP monitoring. The RMSE 
for both models synthesised in this project was 8.1 mmHg, 
meaning that the predicted CPPopt could deviate from the 
true value by as much as this. Differences between CPP and 
CPPopt of this magnitude are known to affect patient out-
comes [12, 13]. Consequently, at present, neither model ade-
quately predicts CPPopt for application in scenarios where 
the ICP is not measured.

TBI is associated with very poor patient outcomes [1]. 
Targeting CPPopt in TBI patients may reduce the rate of 
unfavourable outcome, as deviation of CPP from CPPopt is 
associated with higher mortality and disability [9, 13, 18, 
19]. The results of this study emphasise that CPPopt is a 
dynamic measurement which is influenced by many patient 
and clinical factors. Complex interactions of these variables 
are too patient-specific, making it difficult to accommodate a 
clinically useful predictive model. This supports the utility of 
investigating CPPopt-guided therapy as a replacement for 
the universal 60–70 mmHg target.

One of the strengths of this study was that, despite includ-
ing data from only 36 patients, 79,375 observations of 
CPPopt were included in the analysis. The large number of 
observations mitigated the risk of model overfitting. The 
LME approach was well suited for making inferences regard-
ing the relationship between single variables and CPPopt. 
Furthermore, this form of analysis allowed collinearity in 
repeated observations from each patient to be accounted for.

The principal limitation of this study was the small sam-
ple size. It is impossible to exclude the possibility that the 
true effect of some predictors was not elucidated owing to 
the small subgroup size. However, small sample sizes are 
characteristic of exploratory analyses such as this. The 
results warrant further investigation of modelling CPPopt 
using demographic and clinical characteristics in larger TBI 
cohorts. The LME approach is less suited to predictive mod-
elling because it assumes the relationships between predic-
tors and the outcome variable are linear. Non-linear methods 
may provide models which predict CPPopt more accurately, 
taking account of non-linear relationships, and are another 
avenue for future studies to explore.

 Conclusions

Time from initiation of ICP monitoring, age at admission to 
ICU and the presence of DAI may be important predictors of 
CPPopt. Predictive models require further development 
before they can be used in calculating CPPopt when ICP is 
not monitored. The results of this study support the continu-
ation of research into the feasibility and utility of CPPopt- 
guided therapy in TBI.
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 Introduction

Increased intracranial pressure (ICP) is one of the main 
causes of morbidity and mortality in a broad spectrum of 
pathologies, such as traumatic brain injury (TBI), nontrau-
matic intracerebral hemorrhage, hydrocephalus, brain 
tumors, and others [1]. Current guidelines recommend main-
taining ICP below 21 mmHg [2, 3]. The oligemia is linked to 
hypoxic edema and cytotoxic cellular engorgement. The 
hyperemia is associated with high cerebral blood flow (CBF) 
and, when associated with vascular barrier impairment, may 
trigger interstitial edema. The development of intracranial 
hypertension may be linked to an excess or a lack of cerebral 
blood flow (CBF) and the formation of the ischemia or 
hyperemia. These conditions should be recognized to pro-
vide suitable treatment for ICP control [4].

Cerebral autoregulation (CA) is the mechanism responsi-
ble for maintaining a relatively constant CBF over a wide 
range of blood pressure which protects the brain from olige-
mia or hyperemia [5].

Under certain conditions, the range of CA is severely 
compromised, increasing the risk of cerebral edema [4, 6].

Many researchers have tried to determine the relationship 
between CA and ICP in the development of poor outcomes, 
but the significance of the cerebral ischemia formation still 
poorly understood [7–10].

It should be noted that a compromised CA has also been 
shown in patients with normal ICP.  It is believed that 
impaired CA and increased ICP can persist simultaneously 
and result from a breakthrough of the blood-brain barrier, 
disturbances to vasomotion, and subsequent brain swelling 
[11]. Thus, impaired CA may be a factor that triggers 
increases in ICP and vice versa. However, no consensus has 
been reached on the relationship between damaged CA and 
ICP in the development of secondary cerebral ischemia 
(SCI).

The purpose of our study was to investigate the relation-
ship between intracranial hypertension and cerebrovascular 
reactivity (CVR), as quantified by the pressure reactivity 
index (PRx), in the development of SCI after traumatic brain 
injury (TBI).

 Material and Methods

This nonrandomized single-center retrospective study com-
plies with the Declaration of Helsinki, and the protocol was 
approved by the local ethics committee. All patients gave 
informed consent to participate in the study.

We included patients who had the following features: 
severe TBI within 6  h after a head injury with a Glasgow 
Coma Score (GCS) of less than 8, SCI at follow-up perfusion 
computed tomography (PCT), monitoring of ICP and mean 
arterial pressure (MAP) for at least 24 h, admission GCS and 
Injury Severity Score (ISS) data available. Exclusion criteria 
were as follows: (1) younger than 16 years, (2) GCS < 4, and 
(3) ISS  >  60. The neuromonitoring of cerebral modalities 
was conducted as a part of standard patient care and archived 
in a database of neurophysiological monitoring. ICP exceed-
ing 15 mmHg was treated using head elevation (15°–25°), 
sedation, external ventricular drainage, and mannitol. ICP 
was monitored continuously. Intraparenchymal (Codman 
MicroSensors ICP, Codman & Shurtleff, Raynham, MA, 
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USA) or intraventricular probes (LiquoGuard, Möller 
Medical GmbH & Co. K) were inserted at the bedside in the 
ICU or in the operating room into the frontal or parietal lobe. 
The intraparenchymal probes were placed in white matter on 
the side of the maximal lesions.

Physiological parameters were recorded continuously 
using a bedside monitor. In addition, these physiological 
variables, ICP, and cerebral compliance were recorded every 
5 s on the ICU flowsheet. Dynamic PRx was estimated from 
the measured parameters as the moving Pearson correlation 
of 30 consecutive MAP and ICP, updated every minute.

Each patient was managed according to a published TBI 
guideline. Ventilator management was tailored to maintain 
PaO2 at more than 100 mmHg and PaCO2 between 30 and 
35 mmHg. Albumin and crystalloid boluses and norepineph-
rine were used to maintain systolic blood pressure at more 
than 100  mmHg and central venous pressure at approxi-
mately 80 mm H2O.

All patients were subjected to dynamic PCT by tomo-
graph Philips Ingenuity CT (Philips Medical Systems, 
Cleveland, OH, USA). PCT was performed 1–2 days after 
TBI. We acquired noncontrast CT and postcontrast series in 
axial mode from the skull base to the vertex (16-cm z-axis 
coverage) using the following imaging parameters: 120 kV 
peak tube voltage, 320  mA tube current, slice thickness 
5  mm, 32  cm scan field of view, 256  ×  256 matrix. We 
acquired PCT images at the level of the basal ganglia and the 
third ventricle above the orbits. PCT data were transferred to 
a Philips Core workstation (Philips Medical Systems, 
Cleveland, OH, USA) and analyzed by a standardized 
method to create perfusion maps of mean transit time (MTT), 
cerebral blood flow (CBF), and cerebral blood volume 
(CBV). We used deconvolution software. SCI core and pen-
umbra were established using the appropriate MTT and CBV 
thresholds, which are MTT > 145% of the contralateral side 
values and CBV > 2.0 mL/100 g for the penumbra volume 
and MTT  >  145% of the contralateral side values and 
CBV < 2.0 mL/100 g for the SCI core volume [12].

Data are expressed as the mean ± standard deviation. To 
specify the degree of impact of changes in ICP and CVR on 
the SCI progression in TBI patients, logistic regression was 
performed. Significant p-values were  <  0.05. All analyses 
were performed using the software package Statistica 7.0 
(Statsoft, Inc., USA).

 Results

In total, 89 patients with severe TBI admitted to the Nizhniy 
Novgorod Regional Hospital with ICP monitoring were 
studied. The mean age was 36.3  ±  4.8  years (range 
19–45 years). There were 77 men and 12 women. The mean 

age was 36.3 ± 4.8 years, 53 men and 36 women. The median 
GCS was 6.2 ± 0.7. The median ISS score at admission was 
38.2 ± 12.5.

During the described period, the mean cerebral perfusion 
pressure (CPP) was 81.5 ± 12.5 mmHg. The mean ICP was 
19.98  ±  5.3  mmHg (minimum 11.7; maximum 51.7). The 
mean dynamic PRx was 0.23 ± 0.14.

The deterioration of CVR in combination with the sever-
ity of ICP has a significant impact on the increase in the 
prevalence rate of SCI. The post hoc comparison of the prev-
alence rate of SCI to different degrees of ICP and changes in 
CVR revealed significant differences. Thus, the increasing 
prevalence of SCI occurs because of both intracranial hyper-
tension and the impairment of CVR.  Logistic regression 
analysis for a model of the SCI dependence on intracranial 
hypertension and the CVR was performed. The results are 
shown in Table 1 and Fig. 1.

The results of the logistic regression analysis showed that 
the CVR was the most significant factor affecting SCI devel-
opment in TBI. In particular, the probability of SCI develop-
ment exceeded 50% even with an ICP level of 5 mmHg at 
impaired CVR. Moreover, at the upper normal values of ICP 
(21  mmHg) and CVR (iPRx 0.3), the probability of the 
development of SCI in TBI reached 75%.

 Discussion

Despite numerous studies, the role of autoregulation and 
intracranial hypertension in the development of cerebral 
ischemia at TBI remains unclear.

Table 1 The logistic regression model for predicting SCI in 89 patients 
with severe TBI

Const B0 iPRx ICP
Estimate −6.390327 14.23774 0.07451441

Standart error 2.021378 4.434144 0.06425401

t −3.161371 3.210933 1.159685

p-level 0.00235866 0.00203311 0.2502931

−95%CL −10.42501 5.387152 −0.053737

+95%CL −2.355639 23.08833 0.202765

Wald χ2 9.994267 10.31009 1.34486

p-level 0.00157174 0.00132435 0.246185

odds ratio (unit ch) 0.001677 1,525,358 1.07736

−95%CL 0.00002968 21.858 0.947681

+95%CL 0.0948329 1.064469 1.224786

odds ratio (range) 126.5745 5.15165

−95%CL 6.244066 0.306598

+95%CL 256.5813 86.56113

M. Dobrzeniecki et al.



161

S. Klein and B. Depreitere found a correlation between 
impaired autoregulation and episodes of elevated ICP; the 
correlation was not ideal, suggesting that autoregulation was 
not impaired in all episodes of elevated ICP [13]. However, 
in regression analysis, they showed that autoregulation disor-
ders equally correlated only with outcomes but not SCI 
development.

In the normal state of CA and increased ICP, a tendency 
toward decreased CBF was described in just one study [10]. 
Meanwhile, the reverse situation is described in a large num-
ber of works [7, 14–17].

It is assumed that one of the reasons for the development 
of SCI at the impairment of CA may be the uncoupling of 
cerebral metabolism and cerebral microcirculation [18].

It has been shown that cerebral metabolic crises can play 
a key role in CA damage and SCI development, causing 
cerebral hyperemia and leading to the development of inter-
stitial edema and intracranial hypertension [7]. Some studies 
have shown a persistent metabolic crisis is associated with a 
high lactate/pyruvate ratio, with high glutamate and low glu-
cose levels, which was accompanied by a disruption of CA 
and intracranial hypertension, sometimes even despite 
decompressive craniectomy [19].

According to Ho et al., in all patients with signs of cere-
bral metabolic crisis and poor prognosis, PtbO2 levels 
remained normal, which excluded hypoxia as the cause of 

malignant intracranial hypertension and increased mitochon-
drial dysfunction [20].

Metabolic crisis and inflammation in brain injury are also 
associated with a violation of CA, regardless of the level of 
ICP, which confirms our data [4]. On the other hand, a 
decrease in cerebrovascular reactivity associated with a con-
tinuing metabolic crisis may be a factor causing intracranial 
hypertension. However, some authors argue that intracranial 
hypertension itself is an independent cause of the impair-
ment of CA [21]. Further studies are needed to clarify the 
proposed mechanisms of the development of SCI. The small 
sample size of studied patients was a limitation of our work.

 Conclusions

The development of SCI in severe TBI is more dependent on 
CVR impairment and, to a lesser extent, on ICP level. The 
treatment for severe TBI patients with SCI progression 
should not be aimed only at intracranial hypertension correc-
tion but also at CVR recovery. The findings of this study 
should be validated with larger cohorts.
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Model: Logistic regression (logit)
Probability of cerebral ischemia development = exp(-6,3903+(14,2377)*iPRx

+(,074514)*ICP)/(1+exp(-6,3903+(14,2377)*iPRx+(,074514)*ICP))
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 Introduction

The pressure reactivity index (PRx) is one of the commonly 
used parameters to describe autoregulation in traumatic brain 
injury (TBI). It quantifies the changes in vascular smooth 
muscle tone that occur as a result of variations in transmural 
pressure. It is calculated as the moving linear correlation 
coefficient between mean arterial blood pressure (ABP) and 
intracranial pressure (ICP) [1].

In certain cases (i.e. after craniectomy), PRx might falsely 
indicate good autoregulation due to the increased compli-
ance of the intracranial space and the altered status of ICP. In 
these situations, the correlation of ABP and the pulse ampli-
tude of ICP (AMP) could be a better descriptor of cerebro-
vascular reactivity. This index is called the pressure-amplitude 
index (PAx) [2].

Since ICP is needed to calculate both PRx and PAx, both 
indices are considered to be invasively quantified markers of 
cerebral autoregulation. PRx and PAx are applicable for this 
purpose because a change in cerebral arterial blood volume 
(CaBV) results in a corresponding change in ICP. Therefore, 
PRx and PAx are indirect descriptors of the relationship 

between the mean arterial blood pressure (ABP) and the 
instantaneous blood volume inside the cranial space. 
However, with the help of the transcranial Doppler ultra-
sound (TCD) technique, it is possible to approximate CaBV 
noninvasively solely from cerebral blood flow velocities. 
The disadvantage of this method is that because of the 
unknown cross-sectional area of the insonated blood vessels, 
the direct calculation of blood volume is not possible. In this 
brief study, we aimed to investigate whether noninvasive 
estimation of relative CaBV with different models could be 
used to describe the cerebrovascular reactivity of TBI 
patients.

 Materials and Methods

TBI patients received both continuous invasive (ABP and 
ICP) monitoring and daily noninvasive monitoring with TCD 
over the duration of admission to the Neurosciences Critical 
Care Unit (NCCU) at Addenbrooke’s Hospital, Cambridge, 
United Kingdom. Data registered prospectively as a part of 
standard care were retrospectively reviewed with ICM+ soft-
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ware (Cambridge Enterprise, Cambridge, United Kingdom; 
http://www.neurosurg.cam.ac.uk/icmplus). The database 
was fully anonymized, no data on patient identifiers were 
available, and therefore no additional ethical approval or for-
mal patient or proxy consent was needed. PRx and PAx were 
calculated as the correlation coefficients between 30 samples 
of 10-s averages of ABP and ICP (or the amplitude of ICP in 
the case of PAx).

The change in CaBV at any given time is determined by 
the volume of inflow and the volume of outflow from the 
cranial space. With TCD, only the velocity of the blood 
inflow is monitored. Based on the assumption made about 
the nature of outflow, two different methods can be used to 
model changes in CaBV [3]:
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where: s—the arbitrary time variable of integration, CBFa—
cerebral blood flow, ABP—arterial blood pressure, and 
CVR—cerebrovascular resistance (CVR  =  meanABP/
meanCBFa).

In a continuous flow forward (CFF) model, a non- pulsatile 
blood outflow is considered. The pulsatile inflow is equili-
brated by a continuous outflow through the dural sinuses. 
Over a longer period, the outflow is considered to be equal to 
the inflow, so it can be calculated by averaging the inflow 
over several cardiac cycles (in this study, we used 5-min 
intervals).

The second equation presumes that the outflow—simi-
larly to the inflow—is also pulsatile, becoming the pulsatile 
flow forward (PFF) model. The idea behind this theory is that 

the outflow is affected by the vasomotor tone of the regulat-
ing arterioles and the pulsatile ABP and can be determined 
by the ratio between ABP and cerebrovascular resistance.

With TCD monitoring, the cross-sectional area of the 
middle cerebral artery is unknown, and the CBF cannot be 
precisely calculated. In these equations, CBF can be replaced 
with CBFV, so the relative changes in CaBV can be esti-
mated (Fig. 1).

The noninvasive counterparts of PRx (nPRx) and PAx 
(nPAx) were derived similarly, but with help of the estimated 
cerebral volumes. nPRx is calculated with CaBV instead of 
ICP, and nPAx with the pulse amplitude of CaBV instead of 
AMP. Both nPRx and nPAx were calculated using both the 
CFF and PFF models.

 Results

 Discussion

With TCD it is possible to derive noninvasive indices – nPRx 
and nPAx – of cerebrovascular reactivity by estimating the 
relative changes in CaBV. These indices can be calculated 
similarly to PRx and PAx if ICP is changed to CaBV. Figure 2 
demonstrates that a change in CaBV is reflected in a corre-
sponding change in ICP – which is the rationale of the usabil-
ity of PRx [1]—but this could also explain the similarities 
between the invasive and noninvasive indices shown in 
Fig. 3. This analogous behavior opens up possibilities for the 
use of these noninvasive cerebrovascular reactivity indices: 
they may become clinically useful in the subacute phase of 
neuro-intensive care because they can provide further infor-
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mation about autoregulation even after the removal of inva-
sive ICP monitors. With other noninvasive techniques 
(continuous ABP monitoring via finger- cuff), cerebrovascu-
lar reactivity can be described without the necessity for inva-
sive measurements, a PRx-like index can be quantified on a 
long-term follow-up and can be compared to PRx derived 
from early clinical care. In less severe cases of TBI, if inva-
sive parameters are not available, noninvasive optimal cere-
bral perfusion pressure (nCPPopt) instead of traditionally 
invasive optimal cerebral perfusion pressure (CPPopt) could 
be determined and used to guide treatment.

The usability of either nPRx or nPAx is limited because 
these indices depend on continuous TCD monitoring tech-

nology. However, these techniques develop quickly, so fur-
ther studies aimed at the investigation of nPRx and nPAx 
would be useful, which would enable clinicians to utilize the 
previously mentioned advantages immediately after the nec-
essary improvements are made.
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 Introduction

Cerebral autoregulation (CA) is defined as the ability of the 
cerebrovascular system to maintain adequate cerebral blood 
flow (CBF) despite fluctuations in cerebral perfusion pres-
sure (CPP) [1]. In patients with severe traumatic brain injury 
(TBI), CA is often impaired and related to worse outcomes. 
Over the years, the new concept of personalized therapy 
based on a patient’s autoregulation has been introduced. 
Autoregulation-based individualized management of CPP 
promises to be a successful strategy, and it has already been 
proven from retrospective analysis that it might be related to 
outcome [2]. One of the methods created to estimate CA 

continuously at the bedside is the pressure reactivity index 
(PRx) [3]. PRx is calculated as the moving Pearson correla-
tion between the slow waves of intracranial pressure (ICP) 
and mean arterial pressure (MAP) and it has proven to be 
able to detect the lower limit of autoregulation in animal 
models [4]. Several retrospective observations have shown 
correlations between average PRx and worse outcome when 
PRx values are above 0.2–0.3 [5–7]. In 2002, the CPPopt 
concept was introduced by plotting the values of PRx against 
CPP over the whole monitoring period for TBI patients [8]. 
The PRx/CPP relationship showed a U-shaped curve, with 
its nadir corresponding to the CPP at which PRx is the lowest 
and therefore the pressure reactivity is best preserved 
(CPPopt). Recent developments have made it possible to 
assess CPPopt automatically in individual patients and dis-
play it continuously at the bedside in real time (Fig. 1) [2, 9]. 
CPPopt guided therapy might therefore improve 
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autoregulation, and its feasibility, safety, and effectiveness 
are currently being tested in a randomized controlled trial in 
four European centers (CPPOpt Guided Therapy: Assessment 
of Target Effectiveness, COGiTATE, www.cppopt.org) [10].

In the traditional CPPopt calculations based on a 4-h 
moving window, the yield was shown to be 50–60% of the 
total CPP monitored time [2]. With the weighted multiwin-
dow approaches, the CPPopt availability improved to 
94 ± 2.1% (mean ± SD) [9]. The importance of achieving 
high yield is crucial for the management of TBI patients in 
the light of future trials because it is important to know 
whether there are particular categories that are not likely to 
benefit from this approach, because CPPopt might not be 
readily available most of the time (Fig. 2a, b). This prompted 
our research question to investigate the relationship between 
demographic, clinical, and admission factors and the average 
CPPopt yield.

 Material and Methods

This retrospective analysis was performed using ICP and 
ABP waveforms from the high-resolution cohort of the 
Collaborative European NeuroTrauma Effectiveness 
Research in TBI (CENTER-TBI) study. Patients in this cohort 
were not treated taking PRx or CPPopt information into 
account. The total cohort contained 271 TBI patients. After 
the exclusion of 41 patients who received ICP monitoring by 
an external ventricular drainage system with noisy or unreli-
able signals (due to continuous or intermittent Cerebrospinal 
fluid (CSF) drainage), 230 patients were left for analysis. 
CPPopt was calculated with ICM+ software (https://icmplus.
neurosurg.cam.ac.uk) using a weighted multiwindow 
approach with the calculation criteria used in the COGiTATE 
study [10]. Several admission variables were selected: sex, 
age, hypoxia and hypotension at the trauma scene, Marshall 
computed tomography (CT) score, admission Glasgow Coma 
Scale (GCS), injury severity score (ISS), therapeutic intensity 

level (TIL) for the first 24 h, pupil reactivity, and decompres-
sive craniectomy (DC) (Tables 1 and 2). The admission vari-
ables hypoxia, hypotension, and pupils were dichotomized 
into present or absent. Pupil reactivity was scored as bilateral 
reactive, bilateral unreactive, or unilateral unreactive. Pupils 
were then reclassified as a binary into normal if both pupils 
were reactive and pathological when one or both pupils were 
not reactive to light. The GCS at admission was divided into 
two groups, above and below 8, as an estimate of initial head 
trauma severity (mild/moderate if GCS  >  8 and severe if 
GCS ≤ 8). CPPopt yield was considered as the percentage of 
monitored time (%) with CPPopt available given the presence 
of CPP. The TIL score was considered as an estimate of intra-
cranial hypertension severity and the need for intensive treat-
ment [11]. The aim of TIL is to produce a quantitative estimate 
of the interventions by assigning numerical scores to each 
TIL intervention and summing these. The maximum score is 
38. DC was investigated as a contributing factor because there 
are worries that the pressure-volume characteristics necessary 
for reliable PRx calculations are violated [12]. In this cohort 
of patients, DC refers to both primary and secondary craniec-
tomy. Statistical analysis was done with R Studio software 
(version 3.5.1). Nonparametric tests were used after testing 
the distribution of the variables through a Shapiro-Wilk test. 
Linear regression models were used comparing the CPPopt 
yield (%) to continuous variables (age, ISS, and 24-h TIL 
score for the first day). Mann-Whitney U and Kruskal-Wallis 
tests were used to compare CPPopt yield (%) for categorical 
and ordinal variables. A p-value <0.05 was considered for sta-
tistical significance.

 Results

The patient characteristics are listed in Tables 1 and 2. The 
median CPPopt yield was 80.7% (interquartile range (IQR) 
70.9–87.4) for the whole ICP/CPP monitoring period, sug-
gesting the availability of CPPopt values during most of the 
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recording period. All variables had a nonparametric distribu-
tion, showing the heterogeneity of the TBI population in this 
multicenter cohort. In the cohort analyzed, the median 24-h 
TIL score for the first day was 6 (IQR 4–9), and the median 
ISS score was 34 (IQR 25–43). No statistical relationship 
between any of the considered variables and CPPopt yield 
was found (Table 3).

 Discussion

None of the admission demographic variables correlated 
with the CPPopt yield over the whole monitored period in a 
multicenter cohort of TBI patients. The importance of the 

CPPopt guided therapy concept lies in the fact that it might 
improve CA and, therefore, could improve the clinical out-
come in TBI patients [13]. An important prerequisite of the 
application of the CPPopt concept at the bedside is the con-
tinuous availability of the automatically generated values of 
CPPopt, so that they could be used as clinical CPP targets. 
The first observation by Steiner et  al. in 2002 about the 
CPPopt concept considered the total monitored time period 
identifying a single CPPopt value for all the patients and thus 
not ready for clinical use at the bedside [8]. Over the years 
the CPPopt algorithm and the bedside software interface 
have been modified using initially a 4-h moving single win-
dow [2] and later with a weighted multiwindow algorithm 
approach to improve the yield and stability of the CPPopt 
target [9, 10]. Weersink et  al. investigated the relationship 
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tiwindow and weighted) CPPopt time trend has several gaps limiting its 

use for CPP individualized management. Of note, the PRx/CPP rela-
tionship chart over this selected monitored period does not in fact form 
a proper U-shaped curve. (b) In this example, the CPPopt value is 
almost always available. Of note, the PRx/CPP plot over the selected 
period in this example shows a U-shaped curve
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between the absence of a CPPopt curve and physiological 
and therapy variables in a two-center study [14]. Conditions 
related to the absence of a CPPopt curve were a high amount 
of sedative drugs, administration of high-dose vasopressors, 
using neuromuscular blockers, low variance in slow ABP 
waves, and status after DC. The absolute ICP values were 
also associated with an absence of CPPopt. CPPopt appeared 

Table 1 Categorical demographic, clinical, and admission variables
Categorical variable N (%)
Gender Male 178 (77.4)

Female 51 (22.2)

NA 1 (0.4)

Hypoxia at trauma scene Yes 16 (6.9)

No 213 (92.6)

NA 1 (0.4)

Hypotension at trauma scene Yes 7 (3)

No 222 (96.9)

Marshall CT score I 7 (3)

II 71 (30)

III 13 (5.7)

IV 3 (1.3)

V 6 (2.6)

VI 71 (30)

NA 59 (25.7)

Pupil reactivity Bilateral reactive 159 (69.1)

Unilateral reactive 19 (8.2)

Both unreactive 39 (17)

NA 13 (5.7)

Decompressive craniectomya Yes 48 (20.1)

No 180 (78.3)

NA 2 (0.9)

NA Not available
aThese variables consist of primary and secondary decompressive 
craniectomies

Table 2 Continuous demographic and clinical variables

Variable
Median 
(IQR)

Age, years 49 (30–63)

Intracranial pressure (first 24 h), mmHg 11.9 
(8.6–15.9)

Cerebral perfusion pressure (whole recorded 
period), mmHg

71.4 
(64.9–77.9)

“Optimal” cerebral perfusion pressure (whole 
recorded period), mmHg

72.0 
(65.4–77.4)

Admission Glasgow Coma Score 6 (3–15)

24-h therapeutic intensity level (TIL) of first day 6 (4–9)

Injury severity score (ISS) 34 (25–43)

Table 3 Univariate analysis of selected variables and CPPopt yield
Continuous Variables

Variable
CPPopt yield correlation 
coefficient (r) p-value

Age, years −0.09 0.16

ISS 0.03 0.64

24-h TIL (day 
1)

0.03 0.59

Categorical variables

Variable CPPopt yield % (Median (IQR)) p-value

Sex Male 80.6 
(71.3–
88.3)

0.48a

Female 81.1 
(69.9–
85.9)

Hypoxia Present 76.6 
(56.4–
83.8)

0.14a

Absent 81.1 
(71.9–
87.6)

Hypotension Present 86.2 
(81.7–
88.4)

0.16a

Absent 80.7 
(70.5–
87.3)

Marshall CT 
score

I 83.3 
(75.5–
87.3)

0.99b

II 81.3 
(72–
87.8)

III 79.2 
(74.5–
86.1)

IV 78.7 
(75.6–
83.9)

V 59 
(52.1–
68.6)

VI 78.4 
(71.6–
86.7)

Admission 
GCS

GCS ≤ 8 80.9 
(71.6–
87)

0.85a

GCS > 8 81.9 
(66.8–
87.6)
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more frequently in periods with higher ICP levels, perhaps 
owing to fact that a stronger  association is present between 
slow fluctuations in ABP and ICP in the steep part of pres-
sure-volume curves, thereby producing possibly more robust 
pressure reactivity values [3]. The multiwindow approach 
increased the yield considerably (reaching values above 
90%) [9]. This algorithm was adapted to prospective bedside 
use within the COGiTATE study, introducing safety and sta-
bility measures that decreased the yield from the original 
multiwindow algorithm [10]. However, the retrospective 
analysis performed in this multicenter database showed that 
a high overall CPPopt yield was found (>80% of monitored 
time) with the algorithm suggested for prospective use by the 
COGiTATE study. Moreover, the yield was neither nega-
tively influenced by admission criteria including demo-
graphic variables like sex and age or clinical variables like 
hypoxia and hypotension at the trauma scene, Marshall CT 
score, admission GCS, pupil reactivity, and DC. Furthermore, 
the 24-h ISS and TIL scores—as an estimate of (head) trauma 
severity—were not related to CPPopt yield.

 Conclusions

This retrospective analysis showed no association between 
CPPopt yield and demographic, clinical, and management 
characteristics.
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 Introduction

Intracranial pressure (ICP) is a key component of multimodal 
monitoring in neurocritical care [1]. ICP-derived indices of 
cerebrovascular reactivity (and, indirectly, autoregulation of 
cerebral blood flow) have been developed as measures to 
improve understanding of brain status from available neuro-
monitoring variables. These indices are moving correlation 
coefficients between slow-wave vasogenic fluctuations in 
ICP (or ICP pulse wave amplitude, AMP) and mean arterial 
blood pressure (MAP) or cerebral perfusion pressure (CPP) 
[2–4]. If cerebrovascular autoregulation is intact, the vascu-
lar bed reacts to an increase in arterial blood pressure (ABP) 
with a vasoconstriction causing a decrease in ICP [2]. Thus, 
theoretically, an intact cerebrovascular reactivity corre-
sponds to a negative value of these indices (i.e., a negative 
correlation coefficient), whereas a positive value corre-
sponds to a passive transmission of ABP to ICP (i.e., a posi-
tive correlation coefficient). 

The pressure reactivity index (PRx), i.e., the correlation 
coefficient between ICP and MAP, is the most extensively 
studied measure of cerebrovascular reactivity [5–7]. In retro-
spective clinical studies, PRx is an independent predictor of 
outcome in patients with traumatic brain injury (TBI) [8]. 
Plotted against CPP, a theoretical “optimal” CPP (CPPopt) 
can be derived from the lowest point of this U-shaped curve 
[9], and deviation of the actual CPP from this CPPopt is 
associated with outcomes following TBI: CPP below CPPopt 
is associated with increased mortality, while CPP above 
CPPopt is associated with increased rate of severe disability 
[10]. Therapeutic targeting of CPPopt is now being tested in 
patients with TBI in an ongoing randomized clinical feasibil-
ity study (COGiTATE, ClinicalTrials.gov identifier: 
NCT02982122). Additional ICP-derived indices of cerebral 
autoregulation are PAx (correlation coefficient between 
AMP and MAP) and RAC (correlation coefficient between 
AMP and CPP) [11, 12].

The objective of this study is to compare the association 
between CPPopt calculated from different ICP-derived 
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indices of cerebrovascular reactivity (PRx, PAx, and RAC) 
and clinical outcomes in patients with moderate to severe 
TBI with a special focus on time spent with CPP below 
CPPopt and “dose” of cerebral hypoperfusion, i.e., integrat-
ing both time and severity of CPP below CPPopt. 

 Methods

 Patient Demographics

This retrospective study includes 200 patients admitted to the 
neurocritical care unit of Addenbrooke’s Hospital with moder-
ate to severe TBI between 2003 and 2015. Patients were ran-
domly sampled from our database based on functional outcome 
at 6 months measured on the Glasgow Outcome Scale (GOS) 
[13], i.e., we identified a sample population including 100 
patients who were dead (GOS 1) at 6 months and 100 patients 
who had good recovery (GOS 4–5). We chose to study cerebral 
hypoperfusion (CPP below CPPopt) in particular because this 
was previously associated with increased mortality, whereas 
cerebral hyperperfusion (CPP above CPPopt) was associated 
with severe disability [10]. This methodology was chosen in 
order to maximize outcome prediction capabilities using the 
different indices and thresholds. Additional patient demo-
graphic data obtained from the database were age, sex, and 
admission Glasgow Coma Score (GCS). Continuous recording 
of ABP and ICP was performed as part of a local monitoring 
protocol and treatment in the Neurosciences Critical Care Unit 
(NCCU) at Addenbrooke’s Hospital. The treatment protocol 
was a CPP/ICP-oriented algorithm with target CPP above 
60 mmHg and ICP below 20 mmHg [14]. All data were fully 
anonymized, and no attempt was made to re-access clinical 
records for additional information. 

 Data Acquisition

ABP was monitored invasively through an arterial line (radial 
or femoral) using a standard pressure monitoring kit (Baxter 
Healthcare, CardioVascular Group, Irvine, CA) and was 
zeroed at the level of the right atrium. ICP was monitored 
using an intraparenchymal strain-gauge probe (Codman ICP 
MicroSensor, Codman & Shurtleff, Raynham, MA) inserted 
into the frontal cortex. All signals were sampled at 50 Hz or 
higher and recorded using ICM+ software (Cambridge 
Enterprise, Cambridge, UK, http://www.neurosurg.cam.
ac.uk/icmplus, version 8.4) digitally directly from GE Solar 
monitors. ICM+ was later used for the retrospective analysis. 

Signal artifacts (e.g., caused by tracheal suctioning or arte-
rial line flushing) were visually identified in each patient 
recording and removed manually. Data were recorded and 
analyzed anonymously as part of a standard audit approved 
by the Neurocritical Care Users Group Committee. 

 Signal Processing

Postacquisition signal processing of ICP and ABP record-
ings was performed using the ICM+ software (referenced 
earlier). CPP was calculated as CPP = MAP – ICP, and AMP 
was calculated as the fundamental Fourier amplitude of the 
ICP pulse wave in a 10-second window. Ten-second moving 
averages (updated every 10 s to avoid data overlap) were cal-
culated for all recorded signals: ICP, ABP (producing MAP), 
AMP, and CPP. Averages over 10 s were used to suppress the 
influence of the pulse and respiratory waves on the recorded 
signals, focusing on slow-wave vasogenic fluctuations in sig-
nals associated with cerebrovascular reactivity. Time- 
dependent values for PRx, PAx, RAC, and, based on these, 
CPPopt were calculated for all patients as described in the 
following sections. Finally, data for further statistical analy-
ses were provided in the form of patient-specific minute-by- 
minute time series, including all variables of interest. These 
were exported from ICM+ into comma-separated value 
(CSV) files, and these were collapsed into one continuous 
data sheet (compiled from all patients). In this dataset and 
using SAS (described in what follows), time spent with CPP 
below CPPopt and dose of CPP below CPPopt (the area 
between the actual CPP curve and the CPPopt curve with the 
unit mmHg*hour) was calculated for each patient. 

 Calculation of Indices of Cerebrovascular 
Reactivity (PRx, PAx, and RAC)

The ICP-derived indices of autoregulation were calculated in 
ICM+ every minute as the moving Pearson correlation coef-
ficient between ICP and MAP (for PRx), AMP and MAP (for 
PAx), or AMP and CPP (for RAC), using 30 consecutive 
10-s windows (5 min of data, i.e., 80% overlap of data). 

 Calculation of CPPopt

For each of the three indices, we calculated CPPopt using the 
multiwindow weighting algorithm recently published by Liu 
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et  al. [15]. In short, this approach uses varying window 
length ranging from 2 to 8 h with 10-min increments instead 
of the fixed 4-h window used in previous investigations. 
Hence, using this optimization algorithm 36 CPP-PRx plots 
are generated for each time point, and these plots are 
weighted based on three rules: (1) a longer window duration 
receives a lower weight (i.e., recent data are weighted 
higher); (2) a smaller curve fit error receives a higher weight 
(using full fit error); and (3) a nonparabolic curve receives a 
lower weight. Finally, a CPPopt value is computed as the 
weighted average of the 36 available CPP values. 

 Statistical Analysis

Baseline demographics for the entire cohort and separated by 
outcome group are presented as absolute values, percentages, 
and median values/interquartile range (IQR), as appropriate. 
Neuromonitoring data are presented as mean and standard 
deviation. Statistical analysis was carried out using SAS 9.3 
(SAS Institute, Cary, NC, USA). For all tests described in 
what follows, P-values lower than 0.05 were considered statis-
tically significant. Differences in baseline variables between 
outcome groups (GOS 1 = dead vs. GOS 4–5 = good recov-
ery) were tested using a chi-squared test for categorical vari-
ables and Wilcoxon signed-rank test for numerical variables. 
Univariate binary logistic regression analysis was performed 
for the predictor variables obtained (time/dose of CPP below 
CPPopt) based on CPPopt estimation using the three ICP-

derived indices of cerebrovascular reactivity (PRx, PAx, and 
RAC). The binary outcome was good recovery (GOS 4–5) vs. 
death (GOS 1) at 6-month follow- up. Multivariate binary 
logistic regression analyses (with the same outcome and pre-
dictor variables) were performed, which included baseline 
demographic variables: age, sex, and admission 
GCS.  Additionally, we performed receiver operating curve 
(ROC) analyses using area under the curve (AUC). Comparison 
of the AUCs from multivariate models including the different 
predictor variables was conducted using Delong’s test.

 Results

 Patient Characteristics

In total, we included 200 patients with moderate to severe 
TBI.  Median age was 38 years (IQR 23–56 years), and 
80.5% of the included patients were male. Baseline charac-
teristics for patients in the two outcome groups are displayed 
in Table  1. There was no significant difference between 
patients with good recovery (GOS 4-5) and those who died 
(GOS 1) in connection with sex (77 vs. 85%, P = 0.28), 
length of the multimodal monitoring period (135.7 vs. 137.3 
h, P = 0.27), and MAP (93.9 vs. 95 mmHg). Patients with 
good recovery were younger (29.5 vs. 40.0 years, P < 0.001), 
had higher admission GCS (8 vs. 6, P < 0.002), had lower 
ICP (14.4 vs. 19.3 mmHg, P < 0.001), and had higher CPP 
(79.5 vs. 76.4 mmHg, P < 0.001). 

Table 1 Baseline demographics and calculated intracranial pressure–derived indices of cerebrovascular reactivity
All patients Dead (GOS 1) Good recovery (GOS 4–5) P

No. 200 100 100

Age (years) 38 [23–56] 47 [30–60] 29.5 [20–45] <0.001*

Sex (F/M) 39/161 16/84 23/77 0.28

Admission GCS 3 [7–9] 6 [3–8] 8 [5–11] <0.002*

Duration of monitoring (hours) 137.3 [68–216] 137.3 [69.4–212] 135.7 [68–222] 0.27

ICP (mmHg) 16.8 (8.4) 19.3 (10.4) 14.4 (4.9) <0.001*

MAP (mmHg) 94.4 (8.2) 95.0 (8.9) 93.9 (7.5) 0.37

CPP (mmHg) 77.9 (9.6) 76.4 (11.6) 79.5 (6.7) <0.001*

PRx 0.089 (0.185) 0.165 (0.203) 0.014 (0.129) <0.001*

PAx −0.007 (0.067) 0.007 (0.074) −0.021 (0.056) 0.002*

RAC −0.062 (0.068) −0.045 (0.075) −0.078 (0.056) <0.001*

Numerical variables presented as either median [IQR] or mean (SD). CPP cerebral perfusion pressure, GCS Glasgow Coma Score, GOS Glasgow 
Outcome Scale, ICP intracranial pressure, MAP mean arterial pressure, PAx pulse-amplitude index, PRx pressure reactivity index, RAC correlation 
coefficient between intracranial pulse wave amplitude and CPP
*P-value < 0.05

Optimal Cerebral Perfusion Pressure Based on Intracranial Pressure-Derived Indices of Cerebrovascular Reactivity: Which One Is Better…



176

 Indices of Autoregulation and CPPopt

Patients with good recovery had lower values of all auto-
regulatory indices compared to patients who died (Table 1): 
PRx (0.014 vs. 0.165, P < 0.001), PAx (−0.021 vs. 0.007, P 
= 0.002), and RAC (−0.078 vs. −0.045, P < 0.001). Based 
on these indices, it was possible to obtain a CPPopt curve in 
92.9% (PRx), 86.7% (PAx), and 84.6% (RAC) of the total 
monitoring period with equal length of monitoring in the 
two outcome groups (Table 2). Overall, there was no differ-
ence between the calculated CPPopt values in the patients 
with good recovery vs. those who died, but in the latter 
group, observed CPP was lower than calculated CPPopt 
(using any of the three indices of cerebrovascular reactivity) 
and significantly lower than in patients with good recovery 
(Table 2). 

 Time/Dose of CPP Below CPPopt

Using the different indices of cerebrovascular reactivity to 
calculate CPPopt, overall time spent with CPP below CPPopt 
ranged from 46.7% (using PRx) to 50.3% (using PAx), and 

the difference between observed CPP and calculated CPPopt 
was positive (i.e., CPP was above CPPopt) for patients with 
good recovery and negative for patients who died (Table 2). 
For all indices, patients with good recovery spent less time 
with CPP below CPPopt (all P ≤ 0.001) (Table 3). Doses of 
CPP below CPPopt ranged from 504 mmHg*hour (using 
RAC) to 617 mmHg*hour (PAx) and was only significantly 
lower in patients with good recovery when the CPPopt calcu-
lation was based on PRx (479 vs. 689 mmHg*hour) and 
RAC (442 vs. 567 mmHg*hour) (Table 3). 

 Outcome Prediction Using Time/Dose of CPP 
Below CPPopt

In the univariate logistic regression analyses, the percentage 
of monitoring time spent with CPP below CPPopt (calcu-
lated from all indices) was significantly associated with out-
come (death vs. good recovery) (Table 4), with ROC AUCs 
ranging from 0.635 (PAx) to 0.693 (RAC). Using dose of 
cerebral hypotension (CPP below CPPopt), only calculations 
from PRx were associated with outcome (Table  4), with 
ROC AUCs of 0.823 (time) and 0.802 (dose). 

In the multivariate analysis, the baseline model, which 
included age, sex, and admission GCS, had an AUC of 0.762 
(P < 0.0001), with only age and sex being independently 
associated with outcome (data not shown). When adding 
time/dose of CPP below CPPopt, all multivariate models 
predicted the dichotomous outcome measure, but additional 
value of the prediction was only significantly added by the 
PRx-based calculations of time spent with CPP below 
CPPopt and dose of CPP below CPPopt (Table 4). 

Table 2 Optimal cerebral perfusion pressure (CPPopt) calculated 
from intracranial pressure (ICP)-derived indices of cerebrovascular 
reactivity

All patients Dead (GOS 1)
Good recovery 
(GOS 4–5) P

Calculated CPPopt value: (mmHg)

 – PRx 77.4 (7.7) 77.5 (8.0) 77.2 (7.4) 0.532

 – PAx 78.5 (8.6) 77.9 (9.1) 79.1 (8.0) 0.646

 – RAC 77.1 (8.6) 77.0 (8.7) 77.2 (8.5) 0.970

Monitoring time with valid CPPopt curve (%)

 – PRx 92.9 
[81.2–97.2]

92.7 
[74.7–97.5]

96.8 
[93.0–99.9]

0.129

 – PAx 86.7 
[73.1–93.0]

83.9 
[68.7–91.6]

93.2 
[87.9–100.0]

0.071

 – RAC 84.6 
[72.4–91.3]

84.9 
[70.8–91.5]

91.0 
[84.2–99.9]

0.869

Difference between observed CPP and calculated CPPopt: (mmHg)

 – PRx 0.8 (6.1) −1.2 (6.9) 2.7 (4.4) <0.001*

 – PAx −0.2 (5.0) −1.4 (5.5) 1.0 (4.1) 0.001*

 – RAC 0.8 (5.9) −0.9 (6.3) 2.5 (5.0) <0.001*

Numerical variables presented as either median [IQR] or mean (SD). 
CPP cerebral perfusion pressure, CPPopt optimal cerebral perfusion 
pressure, PAx pulse- amplitude index, PRx pressure reactivity index, 
RAC correlation coefficient between intracranial pulse wave amplitude 
and CPP
*P-value < 0.05

Table 3 Time/dose spent with cerebral perfusion pressure (CPP) 
below optimal CPP (CPPopt)

All patients Dead (GOS 1)
Good recovery 
(GOS 4–5) P

Monitoring time with CPP below CPPopt (%)

– PRx 46.7 52.1 41.3 <0.001*

– PAx 50.3 53.8 47.0 0.001*

– RAC 47.4 52.3 42.7 <0.001*

Dose of CPP below CPPopt (mmHg*hour)

– PRx 583.6 689.4 478.9 0.009*

– PAx 617.1 660.4 574.7 0.13

– RAC 504.0 567.0 441.7 0.016*

PAx pulse-amplitude index, PRx pressure reactivity index, RAC 
correlation coefficient between intracranial pulse wave amplitude and 
CPP
*P-value < 0.05
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 Discussion

We designed this study to investigate the effect of cerebral 
hypotension on outcome following moderate/severe TBI. 
Cerebral hypotension was defined as CPP below CPPopt 
calculated using three ICP-derived indices of cerebrovascu-
lar reactivity (PRx, PAx, and RAC). These indices all have 
their theoretical advantages in different patient populations, 
but we wanted to test their performance in a mixed popula-
tion of patients with moderate to severe TBI. Our study has 
three main findings. First, using an optimized ICM+ profile, 
we were able to obtain a valid CPPopt curve in 85-93% of 
the total monitoring period (highest for PRx, lowest for 
RAC), supporting the potential use of these indices in a clini-
cal setting. Second, there was no difference between calcu-
lated CPPopt (using either of the indices) in patients with 
good recovery compared to those who died. Third, time 
spent with CPP below CPPopt was significantly associated 
with outcome, but in our multivariate logistic regression 
model, additional information was only added to the predic-
tion by time/dose of CPP below CPPopt when using the 
PRx-based calculations. 

Stability of the CPPopt curve is a prerequisite for wide-
spread clinical use of real-time assessment of cerebrovascu-
lar reactivity, and this was previously a limitation of 
technology, e.g., a valid CPPopt curve was only present 55% 

of the monitoring period in the initial publication document-
ing an association between CPPopt and clinical outcome 
[10]. Liu et al. were able to obtain a mean yield of 94% of the 
total monitoring period studied using an optimized ICM+ 
profile for CPPopt calculation, and in the present investiga-
tion we confirm this finding through documentation of a 
CPPopt curve in 93% of the monitoring period (using PRx). 
It is worth emphasizing that even though the difference did 
not reach statistical significance, a trend was observed toward 
a higher yield in patients with good recovery compared to 
those who died, especially for the PAx-based calculations. In 
future studies, this should be considered when evaluating 
and optimizing the algorithm because there might be a higher 
prevalence of disturbed cerebrovascular reactivity (requiring 
tight blood pressure control) in patients with more severe 
injuries. The current multiwindow approach uses a weight-
ing algorithm assigning higher priority to recent calculation 
windows, ensuring stability of the estimation without com-
promising relevancy at the specific CPPopt calculation time 
point. Thus, the multiwindow approach has an equally strong 
association with patient outcome compared to the single- 
window approach [16]. 

The average observed CPP in the entire study population 
was 77.9 mmHg (using MAP calibrated to the right atrium of 
the heart), which corresponds to the aggressive CPP oriented 
treatment protocol employed in the NCCU at Addenbrooke’s 
Hospital [14]. Average CPPopt was 77.1–78.5 mmHg (cal-
culated using RAC and PRx, respectively), with no differ-
ence between patients with good recovery and those who 
died for any of the indices. However, patients with good 
recovery had observed CPP above calculated CPPopt, 
whereas patients who died had CPP below CPPopt. This sup-
ports the use of CPPopt across clinical settings and the previ-
ous finding that CPP below CPPopt is associated with 
increased mortality [10]. Because we wanted to test the three 
indices in a mixed population of TBI patients, we did not, for 
example, exclude patients with terminal intracranial hyper-
tension or those treated with decompressive craniectomy, 
even though both these situations theoretically might influ-
ence the relationship between the physiological parameters 
that we study through these indices. 

The main objective of this study was to investigate the 
effect of cerebral hypotension on outcome following mod-
erate/severe TBI. Cerebral hypotension was defined as CPP 
below CPPopt, which was calculated by different ICP- 
derived indices of autoregulation. In the present investiga-
tion, the time/dose of CPP below CPPopt only had 
predictive value (i.e., adding predictive power to the base-
line model including age, sex, and admission GCS) in rela-
tion to the dichotomous outcome chosen (good recovery vs. 
death) when calculated using PRx. Thus, the information 
important for outcome prediction in the calculations using 

Table 4 Outcome prediction (good recovery vs. death) at 6-month 
follow-up based on time spent with cerebral perfusion pressure (CPP) 
below optimal cerebral perfusion pressure (CPPopt)

Univariate Multivariate

AUC P AUC P AUCa P
Baseline 
model 
(age, sex, 
and GCS)

– – 0.762 <0.0001* – –

Monitoring time with CPP below CPPopt

 – PRx 0.670 0.0002* 0.823 <0.0001* 0.0607 0.017*

 – PAx 0.635 0.0012* 0.782 <0.0001* 0.0194 0.20

 – RAC 0.693 <0.0001* 0.803 <0.0001* 0.0402 0.072

Dose of CPP below CPPopt

 – PRx 0.609 0.020* 0.802 <0.0001* 0.0393 0.031*

 – PAx 0.566 0.33 0.771 <0.0001* 0.0086 0.28

 – RAC 0.600 0.071 0.775 <0.0001* 0.0125 0.29

In multivariate logistic regression analysis, baseline variables were age, 
sex, and admission GCS.  AUC for the baseline model was 0.762 
(P < 0.0001). AUC area under the receiver operating curve (ROC), PAx 
pulse-amplitude index, PRx pressure reactivity index, RAC correlation 
of pulse wave amplitude and cerebral perfusion pressure
aAUC added to baseline multivariate model (age, sex, and admission 
GCS) by the variable
*P-value < 0.05
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PAx and RAC somehow is contained within the baseline 
model already. The calculation of PRx, and thus CPPopt 
estimation based on PRx, relies on the assumption that 
changes in cerebrovascular resistance are reflected in cere-
bral blood volume (CBV) and that changes in CBV are 
reflected in ICP. This assumption is satisfied when intracra-
nial compliance is low (ICP is high) but may be challenged 
at low ICP values or in increased compliance settings (e.g., 
in patients after decompressive craniectomy). The pulse-
amplitude index (PAx) is the correlation coefficient between 
MAP and AMP and is thought to address this issue: when 
autoregulation is intact, a decrease in ABP causes a com-
pensatory vasodilatation, resulting in an increased CBV 
promoting a stronger transmission of the pulse wave to ICP, 
i.e., a stronger relationship between MAP and AMP [17]. In 
a study of 327 patients with TBI, PAx was in fact superior 
to PRx in predicting dichotomized 12-month outcome 
(dead vs. alive) in the subgroup of 120 patients with ICP < 
15mmHg [18]. Interestingly, in the same study, PAx per-
formed equally well as PRx in predicting outcome in the 
subgroup of patients with ICP > 15 mmHg and, thus, has 
the potential to be applied in a broader clinical setting than 
PRx. In our study population, however, average ICP was 17 
mmHg, which might explain the superiority of outcome 
prediction in the PRx-based calculations. 

There are some limitations to the findings described 
here that deserve mention. This preliminary investigation 
represents a retrospective analysis of prospectively gath-
ered clinical and multimodal neuromonitoring data and, 
thus, is limited by the information collected at the time. 
Data on, e.g., pupillary status and surgical procedures 
would have strengthened the study, but such data were not 
available. Furthermore, patients with moderate/severe TBI 
are subjected to a wide range of therapeutic interventions, 
and the retrospective observational design inflicts risks of 
selection and information biases as well as a risk of mis-
classification of outcome. However, choosing to include 
patients who either died or had good recovery minimizes 
this concern, although the GOS is a crude measure of func-
tional outcome. In contrast, choosing this patient popula-
tion limits the direct clinical applicability since indices 
found to be inferior in our study might be stronger in pre-
dicting outcome in patients with, e.g., moderate/severe 
disability. Finally, this study’s design and the current sta-
tus of CPPopt research in general do not exclude the pos-
sibility that deranged indices of cerebrovascular reactivity 
are merely indicators of more severe brain damage and 
that therapeutic interventions targeting these measures do 
not improve outcome. 

In conclusion, we find PRx-based calculations of time/
dose of cerebral hypotension (CPP below CPPopt) to predict 
outcome better than similar calculations using PAx and RAC 
in a mixed cohort of patients with moderate to severe TBI.
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 Introduction

Cerebrovascular pressure reactivity index (PRx)-cerebral 
perfusion pressure (CPP) relationships over a given time 
period can be used to detect an optimal value of CPP at 
which PRx shows the best autoregulation (CPPopt). 
Algorithms for continuous automated assessment of 
CPPopt in traumatic brain injury (TBI) patients reached 
the desired high yield using the multi-window approach 
(CPPopt_MA, published by Liu et al. (2017) [1]). However, 
the calculations were tested on retrospective datasets, in 
which artefacts were removed manually and CPP was 

scarcely managed according to CPPopt. Moreover, CPPopt 
‘false positive’ values can be generated from non-physio-
logical variations of intracranial pressure (ICP) and arterial 
blood pressure (ABP) [2]. Therefore, the algorithm was 
fine-tuned to improve its robustness and making it more 
suitable for prospective bedside application (currently used 
in the COGiTATE trial—www.cppopt.org [3]). The aim of 
this study was to validate the CPPopt revised algorithm in 
a large single-centre retrospective cohort of TBI patients 
by testing its relationship with outcome and comparing it 
with the current Brain Trauma Foundation (BTF) guide-
lines [4]. 
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 Materials and Methods

We performed a retrospective analysis of ICP and ABP 
waveforms and Glasgow Outcome Score (GOS) using 
6-month data of TBI patients requiring ICP monitoring 
admitted in Addenbrooke’s Hospital Neuro Critical Care 
Unit from 1996 to 2018. Patients who underwent craniec-
tomy were excluded. ICP and ABP waveforms were pro-
cessed with ICM+ software (https://icmplus.neurosurg.cam.
ac.uk). For each patient, only the first 5 days from the date of 
injury were considered. For each recording the following 
variables were calculated: CPPopt, CPPopt_MA, target, 
yield, stability, ∆CPPopt, ∆CPP60 and ∆Target (Fig.  2), 
defined as in Table 1. 

Details about the algorithm used to calculate CPPopt are 
shown in Fig. 1, and further explanations are available at the 
website cppopt.org. Here the main differences from the pre-
vious algorithm (CPPopt_MA) are highlighted. 

First of all, the CPP values taken into account for generat-
ing the curve are filtered so that scarcely represented values 
given by short spikes and drops (which are common in the 

clinical daily environment and would have been manually 
removed in the retrospective analysis) but not given by the 
physiological trend will be disregarded. A 5-min-duration 
median filter is applied to CPP before the data points are 
divided into bins of 5 mmHg. Furthermore, the percentage of 
the total data count that each CPP bin must represent is 
increased to 3%. 

Secondly, when the second-order polynomial is fitted in 
the PRx-CPP plots over a certain time window, the curves 
might appear only in their descending or ascending part, 
not including the nadir, referred to here as non-parabolic. 
These fits, by their nature, result in ‘optimum’ values at the 
extreme ends of the available CPP bins range and are usu-
ally produced by relatively short periods of transient up and 
down swings of CPP.  Including these in the combined, 
weighted- average calculations often leads to sudden dis-
continuities in the resulting CPPopt, of magnitude more 
than 10 mmHg. It is unlikely that the physiology of auto-
regulation changes in this way. Therefore, in the new algo-
rithm, only U-shaped parabolic curves are considered, 
decreasing the overall yield but increasing substantially sta-
bility of the calculation and ensuring physiological values 
of CPPopt. 

Finally, the U-shape curves generated by the PRx-CPP 
plots were screened for their determination coefficient Rfull

2 , 
which gives a measure of the variability explained by the fit-
ting curve compared to the total variability of the data. The 
‘full’ subscript denotes that the calculations of R2 are done 
on the complete set of bins, rather than on only the subset 
selected for the curve fitting process, as part of the fitting 
algorithm heuristics. The curves that produce values of 
Rfull

2 0 2< .  are rejected. All the remaining curves were com-
bined using Rfull

2  as a weighting factor in the weighted 
average. 

In the COGiTATE protocol, the clinicians would adopt 
new recommendations for CPP management target only at 
fixed review times, not adjusting it until the next such time. 
These were scheduled once every 4 h. In addition, the new 
target value would have been restricted to the clinically safe 
range of 50–100 mmHg and not allowed to change by more 
than 10 mmHg at a time. To simulate this in our retrospective 
analysis, we introduced a new variable called Target, which 
was only updated once every 4 h and truncated at that safety 
zone margins and with the imposed limit on change of 
10 mmHg (Fig. 2). 

Student’s t-test was used to assess ∆CPPopt, ∆CPP60, 
and ∆Target ability in discriminating mortality and survival. 
AUCs (confidence interval (CI) 95%) were calculated and 
compared with the DeLong test. 

Table 1 Calculated variables and their brief description
Variable Explanation
CPPopt PRx-CPP relationship is assessed with the multi- 

window approach using a selected set of calculation 
heuristics, which were chosen based on their 
performance in a selected dataset and on the greatest 
discrimination from values generated from surrogate 
signals (Fig. 1)

CPPopt_MA PRx-CPP relationship is assessed with the multi- 
window approach using calculation heuristics as 
described in [3]

Target The CPPopt value is sampled every 4 h in order to 
simulate the CPP Target provided to the clinical 
team as per COGiTATE protocol [3], which included 
a clinical ‘safe range’ of 50–100 mmHg imposed on 
the Target and a limit of maximum change of 
±10 mmHg from the previous Target value (Fig. 2)

Yield Percentage of total CPP recorded time with CPPopt 
(or CPPopt_MA) values available

Stability Standard deviation of difference in two consecutive 
values of CPPopt (or CPPopt_MA)

∆CPPopt Average deviation from CPPopt 
(∆CPPopt = CPP − CPPopt) (Fig. 2)

∆CPP60 Average deviation from BTF guidelines 60 mmHg 
(∆CPP60 = CPP − 60) (Fig. 2)

∆Target Average deviation from Target 
(∆Target = CPP − Target) (Fig. 2)
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 Results

The study included 813 TBI patients; 74% of the patients had 
a severe TBI (GCS < 9) (Table 2), and 23% were dead at 
GOS assessment at 6 months (Table 2). CPPopt showed a 
lower yield (83 % (range 75–90)) compared with CPPopt_

MA (89% (range 81–93)), p < 0.001; however the stability 
was significantly increased with the new algorithm 
(p  <  0.001). ∆CPPopt and ∆Target work better in distin-
guishing mortality and survival outcome than ∆CPP60 
(p < 0.05 and p < 0.001, Table 3). 

Fig. 1 CPPopt calculation. At each time point, 36 PRx-CPP (5-min 
median filter) plots are generated from past data windows of increasing 
duration ranging from 2 to 8 h, using incremental steps of 10 min. The 
data points are divided into groups corresponding to CPP bins of 
5 mmHg length, within a CPP range of 40–120 mmHg. For each bin, 
mean PRx and CPP values are used to fit a second-order polynomial 
describing the theoretical U shape, with its nadir determining CPPopt, 
according to the curve fitting criteria. This process is repeated for each 

progressively longer data window. Only parabolic curves (P  =  para-
bolic; NP = non-parabolic) with Rfull

2 0 2> .  are then combined using 
weighted average operation. The calculations are repeated every minute 
and the resulting time series is finally subjected to an exponentially 
weighted average filter of 2 h duration forming the CPPopt time. The 
missing data limit of the calculation is set at 50%, so at least 4 h of data 
are necessary to generate the first CPPopt value
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 Discussion

We validated in a large cohort of TBI patients a new algo-
rithm, proposed for the prospective use of automated CPPopt 
at the bedside as part of the COGiTATE study. This CPPopt 
algorithm seems more stable, robust and able to distinguish 
between outcome groups. 

A large amount of retrospective work has been done on 
improving the technology for the continuous assessment of 
CPPopt in TBI patients. With the multi-window approach 
inspired by Depretiere et al. [5] and implemented in ICM+ 
by Liu et al. (CPPopt_MA) [1], the yield was considerably 
improved compared with the previous 4-h-based algorithm 
[6]. CPPopt_MA could be available for more than 90% of 
the time, calculated on the whole monitored time. This ren-

Table 2 Demographic and outcome characteristics
Variable N (or median) % (or IQR)
Age 38 24–89

GCS 14–15 37 5

9–13 166 22

1–8 569 74

GOS 6 months D 191 23

VS 15 2

SD 259 32

MD 202 25

GR 146 18

GCS Glasgow Coma Score, GOS Glasgow Outcome Score, D dead, VS 
vegetative state, SD severe disability, MD mild disability, GR good 
recovery

Table 3 Assessment of ability to distinguish outcome groups
Variable Dead Alive P AUC (CI 95%)
∆CPPopt −1.73 1.1 <0.001 0.65 (0.60–0.70)

∆CPP60 15.4 18 0.001 0.58 (0.53–0.63)

∆Target −2 1.6 <0.001 0.66 (0.62–0.71)

DeLong test P

∆CPPopt vs. ∆CPP60 0.014

∆Target vs. ∆CPP60 <0.001

P-values of t-test (dead vs alive) and AUC values are presented for 
∆CPPopt, ∆CPP60 and ∆Target. The DeLong test shows that both 
∆CPPopt and ∆Target could offer an advantage over ∆CPP60. 
∆CPPopt, ∆CPPopt = CPP −  CPPopt; ∆CPP60, ∆CPP as per BTF 
guidelines = CPP − 60 mmHg; ∆Target, ∆CPP Target = CPP − Target
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Fig. 2 CPP trend is shown along with CPPopt, the CPPopt target 
value, and the BTF guidelines limit (60 mmHg). The Target is assessed 
as CPPopt value sampled every 4 h in order to simulate the CPP target 

provided to the clinical team as per the COGiTATE protocol; no Target 
can be higher or lower than 10 mmHg from the previous one. Target 
values range from 50 to 100 mmHg
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dered it clinically useful, making it possible to start thinking 
about the prospective application of CPPopt assessed con-
tinuously and automatically at the  bedside; therefore  the 
COGiTATE study—the first randomized control trial 
assessing the feasibility and safety of managing CPP accord-
ing to CPPopt in TBI patients—was designed [3]. The fact 
that CPPopt needed to be assessed prospectively in real time 
at the bedside and that clinical recommendations for treating 
patients would be managed according to CPPopt values, 
raised two issues: (1) CPPopt was previously largely studied 
in retrospective cohorts, where waveform artefacts were 
cleaned both manually and automatically; (2) the individual 
values generated by the automatic semi-continuous algo-
rithm would need to be reliable and, more importantly, safe 
enough to make it suitable for clinical use. Therefore, the 
algorithm was modified and implemented with heuristics 
chosen for their ability to discriminate between estimations 
performed on the original versus surrogate (randomized) 
 signals. We checked the robustness of the calculation (low 
inter- point variability), avoidance of non-physiological sud-
den jumps in the CPPopt time trend, and the reliability of the 
values in reflecting the cerebral autoregulation status. 

The combination of the new heuristics made the algo-
rithm more robust and stable and suitable for bedside use, 
but the relationship previously found with outcome had not 
been re-apprised. For this reason, we validated the new algo-
rithm against outcome and showed that the average deviation 
from CPPopt calculated with this algorithm, for the first 5 
days from the date of injury, could distinguish mortality and 
survival and performed better than the current guidelines 
threshold. The down side of using the more restrictive crite-
ria is that the yield of CPPopt would decrease, as our analy-
sis showed. However, the yield here is still higher than when 
using the single-window approach, and at 83% it should still 
be clinically useful. 

This validation study is still retrospective, and the dataset is 
composed of a large cohort of TBI patients admitted in a sin-
gle centre over a large time span. The data were partially 
cleaned manually and partially automatically. However, the 
results are comparable with the previous algorithm (CPPopt_
MA), and both analyses were subject to the same limitations. 

 Conclusion

We demonstrated that the new algorithm is not only more 
robust and stable but also maintains the ability of the new 
algortihm in discriminating outcome groups is maintained 
and is better than the ability of the fixed BTF guidelines. 
Thus, we believe it is suitable for prospective use in TBI 
patients in future trials.
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 Introduction

Spontaneous intracerebral hemorrhage (ICH), also known as 
hemorrhagic stroke, is the second most common cerebrovas-
cular event and carries exceptionally high morbidity and 
mortality [1]. Clinical presentation may range from a few 
symptoms to critical states with the need for intensive care, 
surgery, and extensive rehabilitation. This high variability is 
one of the main concerns when investigating ICH [2]. 
Mortality may affect as much as 60% of patients per year, 
and only 20% will have functional independence at 6 months 
after the event [3].

Neuromonitoring analysis for spontaneous intracerebral 
hemorrhage (ICH) is still scarce, especially regarding vascu-
lar reactivity patterns. Intracerebral pressure (ICP) is most 
frequently monitored by an intraparenchymal pressure sen-
sor used in brain lesion patients that require mechanical ven-
tilation for neurological assessment while sedated. 
Augmented ICP and impaired cerebrovascular autoregula-
tion have been recognized as important mechanisms to con-
tribute to secondary brain injury after brain trauma, 
subarachnoid, and ischemic stroke [4, 5].

There is some evidence that ICP variability and frequency 
above 20 mmHg is associated with mortality and poor out-
come in ICH patients [6]. However, neuromonitoring data 
regarding ICH to guide neurocritical care are still scarce and 
are mainly based on transferred information from traumatic 
brain injury (TBI) patients [7].

PRx is an index, recorded by ICM+ software, obtained 
from the correlation between arterial blood pressure (ABP) 
and ICP. A negative correlation (up to a maximum value of 

0.25) is considered normal, since, in physiological condi-
tions, it is expected that with an increase in ABP, cerebral 
vasculature may be able to increase resistance to maintain a 
stable ICP.  This is considered a preserved cerebrovascular 
autoregulation.

Cerebral perfusion pressure (CPP) is the driving force 
that leads blood into cranial vessels and is calculated by the 
difference between ABP and ICP (ABP-ICP). Its value may 
be calculated in real time at bedside and is frequently 
described in the literature as a value that should be main-
tained between 60 and 80 mmHg. However, in the last few 
years, tailoring CPP based on cerebrovascular autoregulation 
status driven by PRx has been associated, in retrospective 
studies, with better outcomes for TBI patients. This concept 
is referred to as optimal CPP (CPPopt) [8, 9].

The need for neuromonitoring research and defining its 
utility in neurocritical care for ICH patients has been 
expressed often. Considering ICH management guideline 
assessment of ICP and CPP is important for secondary brain 
injury prevention; however, information regarding cerebro-
vascular reactivity is still scarce and its importance for 
patient management and association with outcome is yet to 
be established [10].

Our goal was to determine the association, if any, between 
the presence/absence of cerebrovascular autoregulation and 
patient 28-day survival.

 Materials and Methods

At our Neuro Critical Care Unit (NCCU), patients with intra-
cerebral lesions that need to be sedated have placement of an 
ICP Codman® probe for intracranial neuromonitoring. The 
neuromonitoring integration data system used is ICM+  ® 
(Cambridge Enterprise UK). This allows us to calculate in 
real time and at bedside not only ICP, but also indices associ-
ated with ICP and ABP such as CPP, PRx, and optimal PRx. 
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With the availability of these data from our unit, neuromoni-
toring records between 2013 and 2016 of adult patients, with 
spontaneous supra-tentorial ICH, were retrospectively 
reviewed. To be considered eligible, records had to have a 
minimum of 24 h of good-quality signals for each patient.

Variables considered for analysis were ICP, CPP, CPPopt, 
and PRx, as well as ICP dose, PRx dose, and time percentage 
above critical value (T%abv). ICP dose and PRx dose were 
calculated as secondary analysis using ICM® software and 
correspond to the area beneath the histogram curve relating 
time of exposure and ICP and PRx values. Information 
regarding demographics, surgical drainage, external ventric-
ular drain (EVD) placement, and 28-day mortality was 
recorded. A t-test and Kaplan-Meier curves were used for 
statistical analysis. Significance value was considered at 
0.05. Approval for data collection was obtained from our 
local ethics committee.

 Results

We analyzed data from 46 patients, representing a mean 
duration of 263 ± 173 h of signal records and a median length 
of stay in the intensive care unit (ICU) of 22 (interquartile 
range (IQR) of 13) days. The mean age was 62.6 ± 11.8 years, 
and 24 (52%) of the patients were male. The EVD for cere-
brospinal fluid (CSF) drainage was applied in addition to an 
ICP probe in 50% of patients, and 32.6% were sent to sur-
gery for ICH evacuation (Table 1). Patients who died within 
28  days (37.0%) had significantly higher mean ICP, PRx, 
ICP dose, PRx dose, and T%abv compared to those who sur-
vived (Table 2 and Fig. 1). Although patients who died had 
relatively low values of mean ICP (13.73  ±  7.75  mmHg), 
under the critical value of 20 mmHg, they presented a mean 
PRx of over 0.25, indicating impaired cerebrovascular reac-

tivity (0.30 ± 0.26). Patients with PRx over 0.25 had signifi-
cantly lower survival, with a proportion of 14% survival at 
28 days, as opposed to 85% of those with PRx under 0.25 
(p < 0.001) (survival curves in Fig. 2).

 Discussion

Although mean ICP in ICH patients was under the critical 
value of 20  mmHg, the ICP dose and percentage of time 
above critical value was higher in patients with worse out-
comes. The variability of intracranial pressure is high and the 
exposure of brain to higher pressure may not be well repre-
sented by mean ICP but better by ICP dose and T%abv. It is 
hypothesized that these measures of exposure representativ-
ity may have prognostic value in ICH patients.

Regarding cerebrovascular pressure reactivity, the mean 
values were higher than 0.25  in patients with worse out-
comes (mortality at 28 days), as were PRx dose and T%abv.

In our cohort, patients with ICH were more exposed to 
autoregulation impairment than to increased ICP. When tak-
ing into account the patient’s outcome, ICH patients who 
died in the first 28 days had worse cerebrovascular reactivity 
indices, namely PRx, PRx dose, and time above the critical 
value of 0.25. Optimal CPP was particularly challenging to 
identify and achieve in these patients. However, our analysis 
had limitations in that our cohort was retrospectively ana-
lyzed. Based on our data, we may hypothesize that treat-
ments aimed at keeping PRx as low as possible may be 
associated with better outcomes for ICH patients. Besides 
being an individualized value, most ICH patients have been 
chronically exposed to elevated blood pressure (one of the 
main risk factors in ICH), this is why it is possible that CPP 
intervals considered to TBI may not be adequate for all ICH 
patients. Individual adjustment, through continuous evalua-
tion of PRx, may positively influence outcomes [9].

Table 1 Demographics data
n 46
Male 24 (52.2%)

Age 62.6 ± 11.75

LOS ICU 22 (13)

Duration of records (h) 263 ± 172

EVD 23 (50%)

ICH drainage 15 (32.6%)

DC 4 (8.7%)

Mortality at 28th day 17 (36.9%)

Values described as mean  ±  standard deviation, absolute value (%), and 
median (IQR). DC decompressive craniectomy, EVD external ventricular 
drainage, ICH intracerebral hemorrhage, LOS ICU length of stay at inten-
sive care unit

Table 2 Neuromonitoring data
Alive (29) Dead (17) p

PRx > 0.25 (n) 2 12

ICP (mmHg) 9.1 ± 3.2 13.7 ± 7.7 0.006

CPP 89.0 ± 4.9 77.5 ± 11.7 <0.001

PRx 0.026 ± 0.147 0.30 ± 0.264 0.001

ICP dose 1.24 (2.33) 8.90 (21.25) 0.001

PRx dose 1.59 ± 1.016 2.58 ± 1.449 0.002

ICP T%abv 20 mmHg (%) 1.4 (11.4) 7.53 (37.12) <0.001

PRx T%abv 0.25 (%) 26.0 (17.8) 57.6 (40) <0.001

CPP-CPPopt 0.67 ± 4.32 −6.57 ± 7.50 0.037

Values presented as mean  ±  standard deviation or median (interquartile 
range). T%abv time percentage above critical value

A. V. Ferreira et al.
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Fig. 1 Monitoring variable distribution of alive and dead patients at 28 days. ICP intracerebral cranial pressure, PRx cerebrovascular reactivity 
index; dose calculated by Unit*Time; T%abv time percentage above critical value
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Fig. 2 Kaplan-Meier survival curves. Patients with a mean PRx < 0.25 had higher 28-day survival rates compared to those with PRx > 0.25 
(p < 0.001). Median survival time for patients with PRx > 0.25 was 12 days
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 Introduction

Cerebral perfusion pressure (CPP) is one of the fundamental 
modalities in neurocritical care [1]. However, its accuracy in 
direct monitoring depends on the precision of two indepen-
dent pressure transducers, for arterial blood pressure (ABP) 
and intracranial pressure (ICP).

ABP is usually measured with an external transducer, 
with input blood pressure transmitted via an indwelling arte-
rial catheter. It is typically zeroed at the heart level, but for 
neurocritical care patients requiring monitoring of CPP, it 
should be zeroed at the level of the auditory meatus and re- 
zeroed following every change of body position. Because 
most patients receiving neurocritical care are managed with 
head elevation (to ease brain venous return), zeroing the ABP 
transducer at the heart level may produce overestimation of 
CPP from 10 to 20 mmHg [2]. With head elevation in sedated 
patients (in whom depleted baroreflex compromises cerebral 
haemodynamics [3]), blood flow has to overcome gravita-
tional effects to reach the cerebral arteries, and it is assumed 
there is a reduction in ABP directly related to the water col-
umn between the heart and the brain (usually a reduction of 

1 mmHg for each 1.35 cm) [4]. Furthermore, contemporary 
ICP micro-transducers are zeroed against atmospheric pres-
sure only once during implantation. Their drift over time 
(usually not above 1  mmHg per day [5]) may accumulate 
over long monitoring periods (sometimes 2–3 weeks), add-
ing additional considerable errors in CPP monitoring.

Therefore, direct invasive monitoring of mean CPP is 
more complex than it appears. Various studies have been 
conducted to measure CPP noninvasively (nCPP), most of 
them based on transcranial Doppler (TCD) monitoring of 
arterial cerebral blood flow velocity profiles (CBFVa) in the 
middle cerebral artery (MCA) [6–10]. The relative accuracy 
for such estimation has been reported to vary from 12 to 
20 mmHg [6–10].

In this study, we test the performance of a new TCD- 
based method for nCPP estimation (spectral nCPP or nCPPs) 
presented elsewhere [11]. This method is based on account-
ing for changes in pulsatile cerebral arterial blood volume 
(CaBV) applied to the analysis of a simplified hydrodynamic 
model of cerebral blood flow (CBF) and cerebrospinal fluid 
(CSF) dynamics [12–14]. The spectral feature of the method 
permits independence from the inaccuracy associated with 
zeroing the ABP transducer at the heart level and accounts 
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for the issue of time delay between peripheral ABP and 
CBFVa since these parameters are calculated in the frequency 
domain [11].

As a primary goal, since the absolute comparison of 
nCPPs to direct CPP has limitations, we focused on cases 
where CPP is changing: (1) a rise during vasopressor-induced 
augmentation of ABP and (2) a decrease during spontaneous 
changes in ICP (plateau waves). Then we compared changes 
in nCPPs versus changes in direct CPP to rule out problems 
secondary to ABP zeroing. Secondarily, to account for a 
broader variety of clinical events other than specific increases 
or decreases in CPP, we analysed nCPPs in a population pre-
senting wider ranges of CPP.

 Material and Methods

 Patients

Patients admitted to the Neurosciences Critical Care Unit at 
Addenbrooke’s Hospital, Cambridge, UK, with severe 
(admission Glasgow Coma Score (GCS) < 8) or moderate 
(admission GCS < 12) traumatic brain injury (TBI) with sec-
ondary neurological deterioration requiring intubation and 
mechanical ventilation were eligible for inclusion in this 
study. All patients were intubated and mechanically venti-
lated, sedated with propofol and fentanyl, and paralysed with 
atracurium.

Three cohorts of patients were analysed. The first cohort 
consisted of 20 TBI patients with induced rise in ABP pro-
ducing rises in CPP levels (median patient age was 27.5 years 
(interquartile range (IQR) 41–21.5)), as previously described 
by Steiner et  al. [15]. The local research ethics committee 
approved the data collection for this study (2001–2002), and 
informed consent was obtained from the next of kin of all 
patients. The second and third cohorts were derived from a 
database of 446 adult TBI patients (median patient age was 
30  years (IQR 78–18)), with simultaneous recordings of 
ABP, ICP and TCD collected between 1995 and 2016 during 
routine clinical TCD investigations of cerebral autoregula-
tion (included in Protocol 30 REC 97/290). The second 
cohort consisted of a subset of patients presenting plateau 
waves identified as sudden and spontaneous increases in ICP 
(and pulse amplitude of ICP), during which CPP and mean 
cerebral blood flow velocity dropped with a relatively stable 
ABP.  The third cohort consisted of 340 patients who pre-
sented wider ranges of CPP across time.

For patients monitored before 1997, the Neurocritical 
Care Users’ Committee allowed TCD examinations for the 
assessment of TBI patients. Informed consent was obtained 
from the next of kin of all patients. Further use of the ano-
nymised data was allowed as a part of clinical audits.

 Monitoring and Data Analysis

ABP was measured directly from the radial artery calibrated 
at the level of the heart (Baxter Health Care Corp., 
CardioVascular Group). ICP was monitored continuously 
using a microtransducer placed in the brain parenchyma 
(MicroSensors ICP Transducer; Codman and Shurtleff, Inc.). 
CPP was calculated as the difference between the mean ABP 
and ICP. CBFVa was obtained bilaterally from the left and 
right MCAs using a TCD ultrasonography system (DWL 
Multidop X4, DWL Elektronische Systeme GmbH), with the 
probe held in place during the entire recording using a head 
frame. Mean CBFVa was calculated as the average between 
left and right CBFVa. Raw signals were digitised using an 
analog–digital converter (DT 2814, Marlborough, California, 
USA) sampled at a frequency of 100 Hz and recorded with 
ICM+ ® (Cambridge Enterprise, https://icmplus.neurosurg.
cam.ac.uk/). The recorded signals were subjected to manual 
artefact removal and analysed with ICM+ ®. All parameters 
were calculated and averaged. All calculations were per-
formed over a 10-s-long sliding window.

 Noninvasive CPP Formula

The noninvasive CPP formula was simply derived from a 
mathematical equation explaining the value and changes in 
the spectral pulsatility index [16]:
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sPI denotes the spectral pulsatility index; HR is expressed 
in Hz; f1 and a1 are first harmonics of CBFVa and ABP sig-
nal amplitudes; Ca is cerebral arterial compliance; and Ra is 
cerebrovascular resistance.

 Statistical Analysis

Statistical analysis was conducted with R Studio software (R 
version 3.6.0). We calculated the correlation coefficient in 
the time domain (R) between direct CPP and nCPPs for 
cohorts 1 and 2. Correlation coefficients in the time domain 
were obtained for individual patients and then averaged 
within cohorts 1 and 2. For cohort 3, individual recordings 
were treated as independent events and used for the correla-
tion analysis. For this patient cohort, the correlation analysis 
was performed over CPP bins of 25 mmHg, ranging from 0 
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to 125 mmHg. We also calculated the Spearman correlation 
coefficient for mean values between CPP and nCPPs consid-
ering the difference (delta [∆  =  magnitude of changes]) 
between the baseline and plateau phases for cohort 2 and 
between baseline and ABP increase for patients in cohort 1. 
To assess the prediction ability of the model, we calculated 
the area under the curve (AUC) with a receiver operating 
characteristic analysis (ROC). To integrate this assessment 
for cohorts 1 and 2, the prediction threshold chosen was 
determined as the median value of the absolute difference 
(absolute ∆CPP) between ICP plateau/ABP increase and 
baseline phases for direct CPP in these two cohorts together. 
The threshold obtained was ∆CPP ≥ 23.2 mmHg. This test 
permits, independently of the direction of changes in CPP, to 
assess whether nCPPs can predict the magnitude of these 
changes reliably. We also assessed the prediction ability of 
the method to detect low CPP (<70 mmHg) in cohort 3. The 
prediction capability is considered reasonable when AUC is 
higher than 0.7 and strong when AUC exceeds 0.8 [17].

 Results

The analysis involved 16 patients from cohort 1, and 14 
patients were identified in which at least one plateau wave 
occurred during the monitoring period in cohort 2. A total of 
21 plateau waves were analysed. A wide range of CPP, from 
12.61 to 123.75  mmHg, was found for the cohort encom-
passing the 340 TBI patients in cohort 3, for whom 879 
recordings with ABP, ICP and TCD data were performed.

Figures 1 and 2 demonstrate examples of changes in ABP, 
ICP, CBFVa, CPP and nCPPs in the patient cohorts undergo-
ing induced ABP increase and ICP plateau waves, respec-
tively. Table 1 presents values of the physiological variables 
and nCPPs estimator assessed, displayed as median (IQR).

The average correlation in the time domain between CPP 
and nCPPs for patients undergoing induced rises in ABP was 
0.95 ± 0.07, and 0.86 ± 0.14 during ICP plateau waves. ∆ 
correlations between mean values of CPP and nCPPs were 
0.73 (p = 0.002) and 0.78 (p < 0.001) respectively for induced 
rises in ABP and ICP plateau wave cohorts (Fig. 3). A Fisher 
z-transformation did not indicate a statistically significant 
difference between these two ∆ correlation coefficients 
(z = −0.32 (p = 0.75)).

The average correlation in the time domain between CPP 
and nCPPs for cohort 3 was 0.63 ± 0.37. nCPPs had correla-
tion coefficients higher than 0.60 across all CPP ranges. 
Most of the recordings presented CPP in the 50- to 100- 
mmHg range (N = 805 recordings (91%)).

ROC analysis of the combined threshold for CPP predic-
tion (∆CPP ≥ 23.2 mmHg) in cohorts 1 and 2 revealed an 
AUC of 0.71 (95% confidence interval (CI): 0.54–0.88). The 

AUC for predicting low CPP below 70  mmHg was 0.82 
(95% CI: 0.79–0.85).

 Discussion

Our proposed spectral nCPP method estimates CPP by 
accounting for changes in pulsatile cerebral blood volume 
based on a simplified hydrodynamic model of CBF and CSF 
dynamics. The spectral feature of the method has some 
advantages: it creates partial independence from the inaccu-
racy associated with zeroing the ABP transducer at heart 
level and partially eliminates the issue of time delay between 
peripheral ABP and CBFVa in the MCA. In addition, nCPPs 
produces patient-specific CPP estimates and does not require 
calibration datasets.

The magnitude of changes observed in nCPPs correlated 
well with direct CPP considering all patient populations. In 
cohorts 1 and 2, this indicates that, independently of its 
degree of accuracy, nCPPs can reliably detect the magnitude 
of changes in CPP (Fig. 3). Moreover, nCPPs demonstrated 
reasonable AUC for the prediction of CPP changes 
≥23.2  mmHg in both patient cohorts analysed jointly 
(AUC = 0.71). Over a wider CPP range presented by cohort 
3, nCPPs demonstrated even stronger prediction ability to 
detect low CPP, ≤70 mmHg (AUC = 0.82).

Our method only represents a step towards an alternative 
to nCPP estimation since it could not produce a clear 
improvement in the accuracy of estimating CPP in absolute 
numbers at the current stage of development. However, accu-
racy may not be the primary performance measure in every 
clinical situation, and such drawbacks may be compensated 
for by the ability of the method to track changes and trends 
in ICP over time, rather than its absolute value. Despite the 
lack of individual calibration, nCPPs presented reliable accu-
racy in tracking changes in CPP across time during increases 
in ABP and plateau waves (Figs. 1 (cohort 1) and 2 (cohort 
2)), with a slightly better performance in the former patient 
cohort. For instance, plateau waves are recurrent phenomena 
in TBI patients, affecting approximately 25% of cases and a 
predictor of poor outcome [18], and pharmacologically 
induced ABP rise is a common clinical management strat-
egy. Therefore, the identification of these CPP changes non-
invasively could represent a useful application of nCPPs. In 
clinical practice, it could provide a better understanding of 
the state of a patient and guide oriented treatments in situa-
tions where CPP is drastically changing. In a previous assess-
ment and description of this method in paediatric TBI 
patients [11], we obtained a similar outcome profile wherein 
it showed good correlation with invasively measured CPP 
(R = 0.67, p < 0.0001), as well as an acceptable ability to 
track CPP changes over time (R = 0.55 ± 0.42). The ability of 
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nCPPs to predict values of CPP below 70 mmHg was strong 
(AUC = 0.91 (95% CI = 0.83–0.98)). However, nCPPs over-
estimated CPP by 19.61  mmHg, with a wide 95% CI of 
± 40.4 mmHg.

Finally, the mathematical beauty of the nCPPs formula is 
that “nCPP = a1/sPI” was proposed as an estimator of nonin-

vasive CPP many years ago by the ‘father’ of TCD ultraso-
nography, Dr. Rune Aaslid [19]. Our proposed formula is the 
result of a simple correction of his equation by including fac-
tors such as cerebrovascular compliance and resistance and 
heart rate.

Fig. 1 Example of individual cases (a, b, c) showing correlation in 
time domain between CPP and nCPPs (R) in patients with induced rises 
in ABP. ABP arterial blood pressure, ICP intracranial pressure, CPP 

cerebral perfusion pressure, nCPPs noninvasive cerebral perfusion 
pressure according to spectral method
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Fig. 2 Example of individual cases (a, b, c) showing correlation in 
time domain between CPP and nCPPs (R) in patients presenting ICP 
plateau waves. ABP arterial blood pressure, ICP intracranial pressure, 

CPP cerebral perfusion pressure, nCPPs noninvasive cerebral perfusion 
pressure according to the spectral method
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 Limitations

For the proposed nCPPs method, we assume that the cerebro-
vascular diameter is constant; however, changes in cerebro-
vascular resistance produced by variations in end-tidal CO2 
and partial pressure of CO2 may disturb nCPPs and could act 
as a confounding factor since these parameters were unavail-
able [20, 21]. The presented model of the vascular input to 
the brain is very simplistic in that it represents a single 
(lumped) model of input vascular compliance and resistance. 
The non-linearity of vascular resistance and compliance is 
not considered, and the pulsatility of intracranial pressure is 
neglected, which may limit the accuracy of estimation. Our 
main intention was, however, to suggest that such a ‘model-
ling’ approach to noninvasive estimation of CPP was gener-
ally feasible.
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 Introduction

The most common way of analysing the intracranial pressure 
(ICP) signal in clinical practice is by visually inspecting the 
presence of macro patterns and waveform abnormalities. 
However, this approach relies on the experience of the 
observer, and hence the outcome might not be consistent. 
Automated and standardized methods of detecting wave pat-
terns are thus desired to enable better detection of ICP devia-
tions for diagnostic and therapeutic purposes. However, ICP 
signals are often contaminated by artefacts and the presence 
of segments of missing values. Some of these artefacts can 
be observed as very high and short spikes with a physiologi-
cally impossible high slope and value. These spikes can be 
generated by different sources, e.g. connection errors and 
movement of the monitoring system during data collection 
[1]. The presence of these spikes reduces the accuracy of pat-
tern recognition techniques because they mask the character-
istic appearance of ICP patterns.

Several methods have been used to identify the pres-
ence of spikes in ICP signals, from signal thresholding [2] 
to wavelet analysis. Signal thresholding fails to work if the 
signal- to-noise ratio (SNR) is low or if the ICP rises in an 
unphysiologically short time. Techniques using low-pass 
filtering are not appropriate in the case of the ICP signal 

since they are non-stationary (i.e. statistical properties 
change over time), as shown in the top graph of Fig.  1, 
where trends varying in time can be observed [3]. 
Alternative non-linear methods are based on wavelet trans-
formation, whose output performance is highly influenced 
by the choice of a basis function [4]. These basis functions 
are fixed, hindering their match with the nature of the input 
signal at a given time. To overcome this drawback, more 
recent papers decompose the signal using the empirical 
mode decomposition (EMD) method, where the mother 
functions are derived from the signal, making the decom-
position adaptive [4, 5].

Therefore, in this paper we propose a modified EMD 
method for automatic spike removal in raw ICP signals. The 
method is adaptive in non-linear and non-stationary signals 
because it involves breaking down signals into different fre-
quency modes without leaving the time domain. It relies on 
the principle that some of these modes, also referred to as 
intrinsic mode functions (IMFs), capture the noise in signals 
so no a priori information on the data is required. This is 
important because there is no a priori knowledge of noise, so 
no procedures can be fixed beforehand to decrease the con-
tribution of noise in signals.

 Methods

 EMD Algorithm

Huang et al. [6] presented EMD as a sifting method for adap-
tively decomposing non-stationary signals into a finite num-
ber of IMFs. An IMF is described as a function with two 
requirements: first, the number of extrema must be equal to 
zero-crossing or differ mostly by one and, second, the mean 
value of its lower and upper envelopes is zero. The EMD 
algorithm used for IMF extraction is briefly described for a 
given input ICP signal s(t) as follows:
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 1. Find signal x(t) extrema to which splines are fitted to gen-
erate both lower and upper envelopes. In the first itera-
tion, x(t) = s(t).

 2. Calculate the arithmetic average of the two envelopes, 
m(t).

 3. Generate a candidate IMF h(t) by subtracting the average 
envelope from the signal: h(t) = x(t) − m(t).

 4. If h(t) is not an IMF according to the preceding require-
ments, then x(t) must be replaced with h(t) and steps 1–3 
repeated. However, if h(t) is treated as an IMF and the 
stopping criteria are not reached, the residue r(t) = x(t) – 
h(t) is assigned to x(t) and steps 1–3 are repeated. The 
stopping condition is usually a very small value to which 
the mean squared difference between the last two 
extracted successive IMFs is compared.

At the end of this iterative process, the original signal s(t) 
can be expressed as the sum of all extracted IMFs plus the 
final residue. Note that the later an IMF is extracted, the 
lower will be its frequency content.

 Proposed EMD-Based Algorithm

Spikes have a band-limited waveform, which implies that the 
frequency content is limited only to certain consecutive 

IMFs. Band-limited means that the frequency domain of the 
signal is zero beyond a certain finite frequency. The summa-
tion of the successive IMFs that contain part of a spike’s 
dominant frequency would then help to temporally localize 
the spike event.

For localization and later removal of spikes from the ICP 
signal, we propose the following method:

 1. Break down ICP signal into sixteen IMFs via EMD, as 
described above. Based on the physiological properties of 
the ICP signal as well as previous experiences by Feng 
et al. [7], breaking down the signal into 16 IMFs was con-
sidered the best trade-off between the signal length and 
computational time [8].

 2. Spike detection from estimated IMFs.
 3. Spike imputation in the original signal.

It must be noted that missing values are also randomly 
present in the ICP signal and they must be temporarily 
replaced with zeroes before EMD. In our monitored ICP sig-
nals, missing values are most likely due to sensor  detachment 
during several minutes. Thus, temporal replacement by zeros 
during only the decomposition would not have any effect on 
higher frequency IMFs, which are the ones we are interested 
on for denoising. Instead, it will affect the low- frequency 
part, i.e. the local trend. Given the simplicity and lower com-
putational time of this shortcoming and its ability to achieve 
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an effective technical solution, it is preferred over the inter-
polation of values.

After decomposition, as visually demonstrated in Fig. 1, 
high amplitude oscillations in the first IMF align with the 
location of spikes in the ICP signal. Because the spikes have 
band-limited waveforms, dominant oscillations are found in 
various consecutive IMFs. Thus, a more effective event dura-
tion estimation is obtained when various successive IMFs are 
taken into account. In our case, only the location of peaks in 
IMF1–4 aligns with the location of peaks in the ICP signal, so 
summing these four IMFs enhances spike episodes: 

IMF IMF1 4
1

4

�
�

� � ��
k

k t  . It is assumed then that the oscillations 

that build a spike are present in these four successive IMFs at 
the same temporal location as the signal artefact.

To identify the peaks in the summed IMFs, an adaptive 
thresholding approach is proposed (Fig. 2). ICP samples out-
side the bounded region in [−Pth, Pth] will be identified as 
spikes. The threshold is determined based on the noise level 
in the summed IMFs: P Lth � �� 2 log  , where σ is the 
standard deviation of the signal and L the number of samples 
in the summed IMF [1]. Because σ is always unknown given 
the presence of artefacts in the signal, it must be estimated 

using e.g. the median absolute deviation: ˆ
.

� �
MAD

0 6745
, where 

MAD = Me ∣ IMF1 − 4 − Me(IMF1 − 4)∣ [9]. If two identified 
spikes lie within a window of 0.4 s, the ICP samples between 

them are also treated as spike events. ICP spikes identified 
can either be removed or imputed with a moving average 
calculated over a sliding window of 10 s. An example of the 
results can be seen in Fig. 3.

 Results

To both prove the non-stationarity of the signals and test the 
ability of the proposed method to detect spikes, real ICP 
signals are used. A total of 26 h are investigated from five 
different monitoring sequences. The Kwiatkowski–Phillips–
Schmidt–Shin (KPSS) test for stationarity is applied to 
selected artefact- free segments of increasing size [10]. With 
a 1-s window size, ICP signals are non-stationary with 
p-values around 0.03 for a significance level (critical alpha) 
equal to 0.05. Increasing window sizes reject the null 
hypothesis for the stationarity of the time series with even 
lower p-values (i.e. values close to 0.01).

To investigate the performance of the proposed algorithm, 
ICP segments containing unwanted dominant spikes are 
examined. Segments are visually inspected by an expert 
using a spike template. This template is established just for 
visual inspection purposes and is based on the determination 
of two spike characteristics: a duration shorter than 0.5 s and 
an abrupt ICP value increase. The artefact events visually 
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identified with the presence of the template are used as 
ground truth, and the ability of the method to identify them 
is then examined. The performance of the proposed method 
is quantified based on how well it estimates the location of 
the spikes using precision and recall metrics:

 
precision

TP

TP FP
recall

TP

TP FN
�

�
�

�  

where TP is the number of correctly identified spikes, FP is 
the number of spikes identified that were not spikes, and FN 
is the number of unidentified spikes. The goal is to get both 
values as close to 100% as possible. The proposed algorithm 
can detect spikes achieving an 84% precision and a 77% 
recall, given that TP = 114, FP = 21 and FN = 34.

 Discussion

Results show that there are some artefact-free signal seg-
ments that are incorrectly classified as artefacts, given that 
the precision achieved is not 100%. The recall is lower, 
which shows that some artefact events are not identified. 

This is likely to be due to the magnitude of the episodes 
being smaller than the adaptive threshold Pth calculated. This 
limitation could be addressed by performing an additional 
spike identification iteration based on the slopes of the 
summed IMF peaks.

The algorithm also presents the drawback of not estab-
lishing a method to deal with the identified artefacts. We will 
further investigate this in our ongoing research, for which 
autoregressive moving average (ARMA) models [5] will be 
considered.

 Conclusion

In this paper, a new methodology based on EMD is proposed 
for the removal of unphysiological spikes in clinical ICP sig-
nals, which is essential for correct patient evaluation and 
diagnosis in clinical practice.
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 Introduction

The intracranial pressure-volume relationship contains impor-
tant information for diagnosing hydrocephalus and other space-
occupying pathologies. To quantify the pressure- volume 
relationship, the craniospinal compliance and pressure volume 
index (PVI) can be calculated based on volume loading [1]. 
However, this procedure is time-consuming and carries the risk 
of infection. Furthermore, the regression coefficient of the 
amplitude/pressure) characteristic (RAP) [2] can be calculated. 
However, all changes in intracranial pressure (ICP), including 
non-compliance-changing ones, are reflected in RAP.

The aims of this study were to design and test a parameter 
that (a) does not reflect artificial and noncompliance influ-
encing changes in ICP, (b) can be calculated from the ICP 
time course without volume loading, and (c) is independent 
of calibration and zero offsets of ICP.

Furthermore, we aimed to design a MATLAB program 
that can calculate the parameter from overnight recordings, 
to test the program on synthetic ICP signals, and to retro-
spectively apply the new method on overnight ICP record-
ings of two groups of patients with different etiologies of 
hydrocephalus.

 Methods

The new parameter, the respiratory amplitude quotient 
(RAQ), quantifies the modulation of the pulse amplitude by 
the respiratory wave in the ICP time course. RAQ is defined 
as the ratio of the amplitude of the respiratory wave in the 
ICP signal to the amplitude of the respiration-induced wave 
in the course of the heartbeat-dependent pulse amplitude.

RAQ can theoretically be calculated for single respiratory 
cycles, fixed consecutive time windows, or select time 
periods.

Figure 1 shows in a time window containing several 
heartbeats the mean ICP (MICP) calculated beat by beat and 
the time courses of the pulse amplitude in the ICP signal 
(Avp), the amplitude of the respiratory wave in the MICP sig-
nal (Arp), and the amplitude of the respiratory wave in the Avp 
signal (AAvp). RAQ is then calculated as
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 RAQ AArp vp= A /  (1)

We designed a MATLAB program to calculate RAQ in 
which the duration of the analyzed time window can be ran-
domly selected. To calculate the pulse amplitudes, we use 
the automatic multiscale-based peak detection (AMPD) 
algorithm, which finds the systolic and diastolic points from 
the ICP signal in the time domain [3]. Then we calculate the 
half-period amplitudes (Avp) and forme a time series from 
them. We further determine, for each half-period, the MICP 
and forme a time series from it. To calculate the respiratory 
amplitudes in both the time series of the MICP and the time 
series of the pulse amplitude, we apply the fast Fourier 
transform [4] on the corresponding time series and then 
select the highest amplitude within the respiratory frequency 
range.

We used the MATLAB program to calculate RAQ in a 
number of different synthesized ICP signals using time win-
dows of 10 min duration. We then compared the results to 
theoretical values.

On overnight recordings of patients, we calculated the 
mean value of RAQ during all B-wave containing periods. 
The time windows for RAQ calculation were set to the dura-
tion of each individual B-wave containing period. B-waves 
were recognized using the method described in [5]. To com-

pare the RAQ values between the two hydrocephalus groups, 
we employed the Mann-Whitney U test, because the data 
were not normally distributed.

 Material

To test the method, we used synthetically generated ICP time 
series under the influence of sinusoidal volume pulse waves 
and sinusoidal respiratory volume waves for different 
pressure- volume relationships and different respiratory 
amplitudes. The signals were synthesized according to

  ICP ICP ICP� �0 1 
ek V

 (2)

with V being the change in craniospinal blood volume 
giving rise to the pulse [6]. V is the difference between the 
pulsatile amount of blood supplied to the craniospinal sys-
tem by the afferent vascular system and the simultaneous 
pulsatile blood outflow through the efferent venous system. 
The venous outflow is influenced by the intrathoracic pres-
sure, which is modulated by the respiration. k is the exponen-
tial coefficient, and ICP0 and ICP1 are constants.

Figure 2 shows the synthesized ICP for an exponential 
coefficient of k = 0.15/mL.
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We then applied the method to overnight intraparenchy-
mal ICP recordings of two groups of patients presenting with 
Hakim’s triad:

• 8 aqueductal stenosis patients (AQ), morphologically 
diagnosed using magnetic resonance imaging (MRI)

• 20 non-normal-pressure hydrocephalus patients (NNPH), 
MRI morphologically diagnosed hydrocephalus patients 
with no positive response to external lumbar drainage or 
no positive response to ventriculoperitoneal shunting.

Local ethics committee approval was obtained for the 
study (Ethikkommission Universität Leipzig Az 014-13- 
28,012,013). Written informed consent was obtained from 
the patients before their participation in the study.

 Results

The values of RAQ determined with our MATLAB pro-
gram match those expected by theory. For the synthesized 
ICP shown in Fig.  2 with an exponential coefficient of 
k  =  0.15/ml, RAQ theoretically is 1.303. Our program 

determined RAQ to be 1.322. Similar results were obtained 
for k = 0.1/ml and k = 0.125/ml with a mean error of 0.44%.

Figure 3 shows the pressure-volume relationships for 
three different values of k and the resulting RAQs. Table 1 
shows the RAQ values for the AQ group and the NNPH 
group. RAQ was found to be lower in the AQ group 
(p = 0.031).

 Discussion

Using spectral analysis to calculate RAQ, we ensure nar-
row band selectivity for the effect caused by respiration. As 
opposed to RAP, which reflects all changes in ICP, RAQ is 
not affected by events occurring in other frequency ranges, 
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k = 0,1/ml, C(10) = 0,91 ml/mmHg, PVI = 21, RAQ = 1,9793

Fig. 3 Pressure-volume relationships for three different values of k and resulting RAQs. C(10) is the compliance at 10 mmHg indicated for each 
curve

Table 1 Mean RAQ values and standard deviations for non-NPH 
(comparison) and AQ (aqueductal stenosis) patient groups

RAQ
NNPH 1.065 ± 0.195

AQ 0.872 ± 0.107

The values are significantly different (p = 0.031)

RAQ: A Noise-Resistant Calibration-Independent Compliance Surrogate
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e.g., position changes, B-waves, A-waves, and spike-like 
artifacts. Being a quotient of amplitudes, RAQ is indepen-
dent of the calibration and zero offset of ICP signals. 
Consequently, RAQ can be calculated from uncalibrated 
signals, including noninvasively measured ICP surrogates. 
Furthermore, it is not influenced by zero point drifts as 
encountered in epidural pressure monitoring and long-term 
telemetric monitoring.

RAQ is constant on a given pressure volume curve and is 
independent of the depth of respiration.

 Conclusion

RAQ is a new parameter that has distinct advantages. We 
found a significant difference in RAQ for the two aforemen-
tioned evaluated groups. RAQ may be beneficial for the eval-
uation of overnight ICP recordings for normal-pressure 
hydrocephalus diagnostics and diagnostics for other space- 
occupying pathologies.
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 Introduction

Intracranial hypertension is a consequence of the fact that the 
cerebrospinal system content cannot accommodate any addi-
tional volume [1, 2]. Refractory intracranial hypertension 
(RIH) constitutes a dramatic increase in ICP that runs from 
normal or moderately increased values to gross intracranial 
hypertension. It is refractory to medical or surgical treatment 
and leads to a patient’s death by meeting brain death criteria 
or major brain damage [3, 4]. Detrimental sequelae of raised 

ICP in acute brain injury (ABI) are unclear because the 
pathophysiological mechanisms underlying raised ICP in 
ABI remain uncertain.

One of the potential factors involved in developing ICP 
and related to the detrimental effects of high ICP itself could 
be the autonomic nervous system (ANS).

Impairment of the ANS has been demonstrated to be cor-
related with outcomes in ABI patients [5–8], although it 
remains hypothetical how autonomic changes contribute 
intracranial hypertension sequelae.

The ANS can be assessed in patients monitored with elec-
trocardiogram (ECG) and arterial blood pressure (ABP) 
through the analysis of heart rate variability (HRV) and baro-
reflex sensitivity. HRV can be assessed in the beat-to-beat 
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interval (also called the R-R interval), which is an intrinsic 
characteristic of healthy cardiac functioning. Baroreflex sen-
sitivity can be described as the response in heartbeat intervals 
to a change in blood pressure; it is also used as a marker of 
healthy ANS and is usually calculated as the slope of the 
regression line between ABP and R-R intervals.

Therefore, the aim of our study was to assess the feasibil-
ity of assessing changes in autonomic activity during the 
development of RIH using our adopted methodology.

 Materials and Methods

 Data Collection

The study was conducted as a retrospective analysis of a 
prospectively maintained database cohort (2009–2018) in 
which physiological monitoring data had been archived in 
three different hospitals: Department of Neurosurgery 
Charite Hospital, Berlin, Germany; Department of Intensive 
Care, University Hospital, Tromsø, Norway; and 
Neurocritical Care, Addenbrooke’s University Hospital, 
Cambridge, UK. Monitoring was conducted using ICM+® 
software (Cambridge Enterprise, Ltd., Cambridge, UK, 
http://icmplus.neurosurg.cam.ac.uk).

ABI patients with a clinical need for ICP monitoring and 
computerized signal were included. The monitoring was part 
of standard patient care and archived in an anonymized way. 
All demographic/clinical data (Table 1) were extracted from 

hospital records and were fully anonymized, and no data on 
patient identifiers were available; therefore, formal patient or 
proxy consent and institutional ethics approval was not 
required.

 Data Processing

Signals were acquired at a sampling frequency of at least 
100 Hz. The time-average values of ICP and ABP were cal-
culated on a 10-s calculation window.Secondary parameters 
reflecting autonomic activity were computed in the time and 
frequency domains through the continuous measurements of 
HRV.  According to guidelines [9], we calculated the stan-
dard deviation (SD), that is, the SD of HRV in the time 
domain, and simultaneously calculated the power spectral 
density of different ranges that also had their own physiolog-
ical meaning: high-frequency (HF) range within 0.15–
0.4 Hz, modulated by the parasympathetic nervous system, 
low-frequency (LF) range within 0.04–0.15 Hz, modulated 
by both the sympathetic and parasympathetic nervous sys-
tem, and the ratio between the two, which seems to mirror 
the sympathetic activity (LF/HF) [9].

The HRV in the time domain was analyzed using a 300-s 
time series of R-R intervals that were updated every 10 s. In 
the frequency domain, the Lomb-Scargle periodogram was 
used to calculate the spectral power of the R-R interval time 
series.

Baroreflex sensitivity was measured in ms/mmHg using 
the cross-correlation method, also referred to as the 
Baroindex or x-BRS [10], which resulted in having a lower 
intra- and interindividual variability in the EUROBAVAR 
database. The x-BRS calculation algorithm was implemented 
in ICM+ software using a 10-s window moving along the 
time axis. To remove the influence of an unknown time delay 
of the baroreceptor response, a cross-correlation function 
was used to maximize the correlation coefficient, which 
meant that the actual total window length used in each calcu-
lation was 17 s. Valid x-BRS was returned only if the correla-
tion coefficient was significant at p < 0.01.

The artifacts were manually cleaned in the raw data: in 
the ABP and ICP signal, the nonpulsatile chunks were 
removed. From the ECG, arrhythmic events and flat lines 
were removed, and ectopic beats were detected by the 
software.

 Statistical Analysis

The R statistical language was used to perform the statistical 
analysis [R: A language and environment for statistical com-

Table 1 Patient demographics and descriptive statistics

Number of patients 24

Age mean (years) 37

ABI/TBI (num) 21

ABI/SAH (num) 3

Initial GCS (min) 3

Initial GCS (max) 14

Monitoring length hours (mean, SD) 52 ± 32

Decompressive craniectomy YES 5

NO 17

NA 2

Csf drainage with EVD 5

Death (%) 100

Withdrawal of treatment (num) 11

Brain death 4

NA 9

ABI acute brain injury, TBI traumatic brain injury, SAH subarachnoid 
hemorrhage, CSF cerebrospinal fluid, EVD external ventricular drain, 
NA information not available

M. Fedriga et al.
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puting. R Foundation for Statistical Computing, Vienna, 
Austria. URL http://www.R-project.org/. version 3.3.3]. The 
nonnormal distribution of the data was established by a 
Shapiro-Wilk test [11].

A Wilcoxon test was used to make comparisons after vari-
ables were extracted as the mean value ±SD during the three 
different periods.

 Results

We selected for retrospective review 24 ABI patients who 
had developed RIH with an initial baseline of ICP (mean 
value 15 mmHg ±8) followed by a rise to over 40 mmHg. 
Criteria for exclusion were the lack of ECG signal, frequent 
artifacts, lack of raw data, or absence of baseline ICP 

recording before hypertension evolved. Demographic/clini-
cal data are shown in Table 1. Patients were monitored with 
at least ICP, ABP, and ECG.

Initial analysis showed that the profiles that formed for 
ICM+ worked correctly. Data processing with ICM+ revealed 
the detection of R complex from ECG time series, plotting 
the R-R interval versus time (Fig. 1).

The calculation of variables of HRV in the time domain 
was then performed (Fig. 2). Moreover, the decomposition 
of the R-R signal into its constituent frequencies was calcu-
lated and the power of the spectrum divided by a specific 
range of HRV was shown (Fig. 2). Baroreflex sensitivity was 
successfully calculated in the time domain as the Baroindex.

Consistent trends of parameters of interest were obtained 
during the development of RIH, and the autonomic variables 
could then be observed and studied in a dynamic way 
throughout the time trend (Fig. 3).

Fig. 1 Data processing with ICM+ showing detection of R complex from ECG time series, plotting of R-R interval versus time

Methodological Consideration on Monitoring Refractory Intracranial Hypertension and Autonomic Nervous System Activity
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Fig. 2 Calculation of HRV variables in time domain: tachogram and 
automatic calculation of standard deviation (SD), standard deviation of 
difference between sequential beats (SDSD), and square root of mean 
squared difference between sequential beats (RMSSD)

Decomposition of R-R signal into constituent frequencies, calculation 
of power spectral density divided by specific frequency range: high- 
frequency component (HF), low frequency (LF), low-frequency/high-
frequency ratio LF/HF

Fig. 3 Data processed with ICM+ showing trend of ICP and trend of HRV variables and baroreflex

M. Fedriga et al.
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 Discussion

Our results suggest that the relationship between changes 
in ICP and ANS activity can be studied in retrospective 
time series using ICM+ methodology. Detailed results will 
be discussed in a separate publication. Limitations on the 
methodology are the effect of drugs on autonomic variables 
and of signal artifacts. The latter effect must be taken into 
account when applying the same approach to real-time data 
streams because in that case they cannot be eliminated 
manually. Automated treatment of those cases is possible 
but requires further investigation in this context in order to 
find a robust way of performing equivalent analysis on pro-
spective data making it possible to monitor autonomic 
events reliably as they occur at bedside. In this way, the 
methodology will gain acceptance for practical application 
in intensive care, with the possibility of predicting RIH 
before it occurs.
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 Introduction

Current methods of clinical guideline development face two 
formidable challenges: (1) there is often a long time-lag 
between the key results and incorporation into recommended 
best practices and (2) the measurement of adherence to those 
guidelines is often qualitative and difficult to standardise into 
measurable impact. This paper presents a validation test of a 
framework developed to use empirical physiological and 
treatment data to independently measure guideline adher-
ence within a neurological intensive care unit (ICU).

The primary technological concept underpinning this 
framework is that of process models—a construct used in 
corporate and business domains to model time-varying pro-
cesses and identify efficiencies. The process models are used 
to measure the adherence of clinicians to the intracranial 
pressure (ICP)-threshold traumatic brain injury (TBI)guide-
line [1] using physiological and treatment data from bedside 
machines in neurological ICUs. Similarly, the relevant 
guideline text from the Brain Trauma Foundation (BTF) is 
represented using Business Process and Model Notation 
(BPMN) so that a comparable process model can be con-
structed. Building on previous comparative work between 
process models [2], a ‘distance’ between the two models is 
then calculated and applied as a metric of guideline adher-
ence, along with the qualitative components making up that 
metric.

There are several technical steps involved in this work:

 1. The classification of events in physiological output known 
as Edinburgh University Secondary Insult Grade (EUSIG) 
events and compilation of an event log from this.

 2. The expression of those event logs as process models.
 3. The extraction of clinical guideline texts into process 

models.
 4. The comparison of two process models using complex 

similarity/distance algorithms.

Together, these steps—outlined schematically in Fig. 1—
form the framework through which the possibilities of quan-
titative, real-time guideline adherence monitoring can be 
explored.

This model has been developed into a web-enabled appli-
cation that can readily feed back the non-adherence measure-
ments in a clinical environment for any given cohort of 
patients with standard physiological and treatment output. 
Full technical details of the framework can be found in [3].

The work described in this manuscript attempts to vali-
date the use of the framework against contextual information 
from clinical domain experts who work in neurological ICUs 
and would be the target users of the system in its production 
form.

 Materials and Methods

Key technical factors that support this framework are the 
definition of EUSIG events and the factors that influence 
non-adherence to guidelines.

Figure 2 shows a schematic of a single physiological 
EUSIG event, with a time window for treatment overlaid, 
which allows treatment annotation to be associated with an 
event. A threshold is crossed and remains high for a specific 
period (the hold-down), indicating that a EUSIG event has 
started. The clear hold-down indicates that the EUSIG event 
has ended.
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Table 1 shows the different factors that are considered to 
influence adherence to guidelines. The type indicates the 
drug categories (see discussion for the implications of these 
definitions), whilst the nature of the intervention (single or 
repeat) and the time taken from event to treatment are also 
considered. These factors are calculated using concepts of 
string-edit and graph-edit similarity, additional details of 
which can be found in [3].

A process model, similar in nature to a flowchart, is a 
sequence of time-varying events that, in this case, capture the 
overall management of patients during their stay in a neuro-
logical ICU. In this work, two process models are calculated, 
one derived from physiological and treatment data extracted 
from the bedside (i.e. the “real” situation), and the other 
taken from the authoritative guidelines in the space, the pres-
sure threshold guidelines published by the BTF.

BTF
Guidelines

Raw data

Event
Log

3 4

21

4

Process
Model

Process
Model

Distance/similarity

Fig. 1 Distance metric between models derived from bedside data and guidelines

Treatment
Threshold

Time

ICP

Event hold-down Clear hold-down

Time-window length

Fig. 2 EUSIG-event definition for a given time-varying physiological data stream. Time to treatment is from the start of an event to time of 
treatment
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On a minute-by-minute basis, the distance between these 
two models is calculated, giving a quantitative metric repre-
senting how far from or near the so-called ideal state of com-
plete adherence to the guideline, given the reality of an 
ever-changing ICU environment. This metric is calculated 
using two concepts, known as string-edit and graph-edit sim-
ilarity, which are mathematical means to work out how simi-
lar two extended process models are (similar to flowcharts in 
nature). A suitable analogy is to consider what the minimum 
number of steps is, where a step is a transformation of either 
a node or an edge, required to turn one process model into 
another. The inputs to these formulae include three factors—
time taken, dosage, and nature—and these are allocated 

weightings based on their considered importance to the clini-
cal situation. In each minute during the stay, the numbers for 
these factors are put into the formula and this outputs the 
non-adherence number for that minute. Figure 3 shows an 
example.

The default state is a concept that emerged due to a gen-
eral lack of annotations in the dataset. The numbers associ-
ated with this common state would always output 36.2% 
(though this could be recalibrated to 100% to signify com-
plete non-adherence if desired). The clinical interpretation is 
simply that the patient, according to the system, requires an 
intervention, but none has been provided.

 Pilot Study Outline

A dataset collected from the Philips Intellivue Critical Care 
and Anaesthesia (ICCA) system was chosen for this evalua-
tion because it is a popular bedside patient management soft-
ware commonly used in ICUs in the UK [4]. Three TBI 
patients were selected for analysis by domain experts, with 
the following data characteristics:

• A prevalence of EUSIG events in ICP output
• Active management of ICP required

Table 1 Node label possibilities for the different nodes in each process 
model
Node Label options
Treatment 
type

Ventilation, sedation, analgesia, paralysis, volume 
expansion, inotropes, anti-hypertensives, anti-pyretics, 
hypothermia, steroids, cerebral vasoconstriction, 
osmotic therapy, cerebrospinal fluid (CSF) drainage, 
head elevation, barbiturates, other

Nature of 
treatment

Single, repeat

Time taken Time between event and treatment

ICP

Treatment

Guideline
Adherence

Time

Each minute,
this evaluation
is performed

Guideline process model

ICU execution trace

Event

Nature

Cilnical
Management

Reaction

Time taken

Check level

Event

Nature

Cilnical
Management

Reaction

Time taken

Check level

Fig. 3 Comparison of process models (inner box) in a single time point, which will then be repeatedly evaluated throughout the EUSIG event 
(outlined in outer box)
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• Two patients (numbers 1 and 3) required non-intervention 
due to the nature of the ICP events

• One patient (number 2) had one large refractory event 
throughout the course of stay

Clinical management of the patients was carried out in 
accordance with a number of relevant treatment protocols 
and guidelines (not just BTF), which deliberately tested the 
ability of this system to provide useful guidance despite 
competing clinical priorities and possible comorbidities.

The physiological data structure of the ICP data in the 
ICCA dataset was millisecond wave form, down-sampled to 
minute-by-minute for this evaluation. This was achieved by 
averaging the contributing millisecond readings across the 
corresponding minute, which would incur some loss of pre-
cision in the recorded variation across that minute (consid-
ered acceptable at this resolution). The treatment data were 
primarily ventilation support and drug administration, 
obtained by manual inputs to, and then drawn from, the inte-
grated ICCA system.

The results of guideline adherence output from these 
patients are presented in three sections:

 1. An audit of overall counts of EUSIG events (where the 
EUSIG definition is varied by changing the threshold 
value) and treatment annotations;

 2. Overall adherence measures for all three patients, includ-
ing non-adherence instance tables, a chart of contributing 
reasons, and an interquartile range of instances;

 3. Individual instances of non-adherence shown in a time- 
varying chart.

 Results

The detailed clinical notes for the individual patients were as 
follows:1

• Patient 1—“Infusions of propofol, morphine, midazolam, 
noradrenaline; repeat CT scan on 12 July 2017—decision 
to stop sedation, disconnect ICP and assess; repeat CT 
scan performed—no surgical options; decision that, 
because ICP is not controlled by medical management, 
ICP monitor should be removed, stop sedation and 
assess”.

• Patient 2—“ICP consistently >20, overall upward trajec-
tory of ICP (despite infusions of propofol 2% 400 mg/h; 
morphine 3 mg/h; midazolam 13 mg/h 11:00; cisatracu-
rium 30 mg/h; thiopentone 125 mg/h 14:00; noradrena-
line 0.1 mg/h 13:34—increased to 0.2 mg/h at 14:00”.

• Patient 3—“ICP > 20; associated with rise in ETCO2; 
optimisation of ventilation by increasing pressure support 

1 These are reproduced verbatim except the square brackets in patient 3, 
which were added as a separate note by one of the clinicians to provide 
added clarity.

(documented at 09:00 15 December 2016); decrease in 
CO2 leads to decrease in ICP” [therefore non- intervention 
was recommended as the ICP increase was expected to be 
transient].

 Event and Treatment Counts

The number counts in Table 2 were compiled once the ICCA 
sample dataset had been processed into the “treatment_pro-
files” database (which supports the guideline adherence 
framework holding the physiological and treatment informa-
tion [3]). The EUSIG definition is varied according to the 
threshold definition in order to obtain a variety of values.

The total EUSIG event number was 21, and the total treat-
ment annotation number was 1721.8. EUSIG events were 
associated with treatments, which was 80% of the most fre-
quently used EUSIG threshold definition. This suggests that 
the count of annotations was high relative to the physiologi-
cal output (i.e. a high proportion of EUSIG events detected 
was associated with a treatment annotation). This summary 
count of events and treatments provides an estimate of confi-
dence to the non-adherence measurement. In this case, the 
level of 80% association is slightly misleading because there 
are few EUSIG events, against a very dense number of treat-
ment annotations. Whilst this latter fact provides valuable 
information (and is unusual in a typical neuro-ICU environ-
ment), confidence the in accuracy of the association is not 
correspondingly high.

Patients 1 and 3 provided the most variety in terms of 
non-adherence states, so all four metrics are shown for 
patient 1 and the table and chart of instances are shown for 
patient 3 (distributions removed to save space). Patient 2 
only had a single instance of non-adherence due to a refrac-
tory ICP event. This is considered in the discussion, but the 
table/chart results are not shown.

 Patient 1

Most instances for patient 1 are variation due to time to 
treatment and a contributing factor of incorrect type 
(Fig. 4). However, for two instances, the dosage/nature is 

Table 2 Count of individual mean ICP EUSIG events from ICCA 
sample dataset
Threshold value (mmHg) Count
10 3

15 10

20 2

25 3

30 3

A. Stell et al.



221

2 2 1 6 4 5 40
0

49
8

11 12T
o

ta
l d

u
ra

ti
o

n

(m
in

s)

N
o

n
-a

d
h

er
en

ce

(%
)

C
o

n
tr

ib
u

ti
n

g
 r

ea
so

n
s 

(%
)

12 14
.6

16 17
.4

21
.4

28 30 36
.2

48
.8

49

Ty
pe

 (
10

.0
),

 T
im

e 
to

 tr
ea

tm
en

t (
2.

0)

Ty
pe

 (
10

.0
),

 T
im

e 
to

 tr
ea

tm
en

t (
4.

6)

Ty
pe

 (
10

.0
),

 T
im

e 
to

 tr
ea

tm
en

t (
6.

0)

Ty
pe

 (
10

.0
),

 T
im

e 
to

 tr
ea

tm
en

t (
7.

4)

Ty
pe

 (
10

.0
),

 T
im

e 
to

 tr
ea

tm
en

t (
11

.4
)

Ty
pe

 (
10

.0
),

 T
im

e 
to

 tr
ea

tm
en

t (
18

.0
)

Ty
pe

 (
10

.0
),

 T
im

e 
to

 tr
ea

tm
en

t (
20

.0
)

Ty
pe

 (
10

.0
),

 T
im

e 
to

 tr
ea

tm
en

t (
20

.0
),

 D
os

e

(1
8.

8)

Ty
pe

 (
10

.0
),

 T
im

e 
to

 tr
ea

tm
en

t (
20

.0
),

 D
os

e

(1
9.

0)

Tr
ea

tm
en

t m
is

si
ng

 (
36

.2
)

R
ep

re
se

nt
at

iv
e 

di
st

rib
ut

io
n 

of
 D

ur
at

io
n

50 40 30 20 10

Values

0

–1
0

1
D

ur
at

io
n

V
al

u
es

M
ax

im
um

: 4
7

U
pp

er
 q

ua
rt

ile
: 2

0
M

ed
ia

n:
 1

4
Lo

w
er

 q
ua

rt
ile

: 5
M

in
im

um
: 1

D
ur
at
io
n

T
im

e 
to

 t
re

at
m

en
t

D
o

se
T

yp
e

C
on

tr
ib

ut
in

g 
re

as
on

s 
of

 n
on

–a
dh

er
en

ce
 (

%
) 

– 
pa

tie
nt

 P
at

ie
nt

3

12

0
10

20
30

40
50

A
dh

er
en

ce
 (

%
)

60
70

80
90

10
0

14
.6 16

17
.4

21
.4 28 30 36

48
.8 49

N
on

-a
dh

er
en

ce
 (

%
)

D
ur

at
io

n 
(m

in
s)

D
ur

at
io

n 
/ N

on
-a

dh
er

en
ce

D
ur

at
io

n 
* 

N
on

-a
dh

er
en

ce

M
ea

su
re

M
in

Q
1

M
ea

n
M

ed
ia

n
Q

3
M

ax

12 1.
0

0.
02

16

30 5.
0

0.
15

18
1

33
.5

3

15
.9

5

0.
49

53
4.

77

36
.2

14
.0

0.
47

42
0

36
.2

20
.0

0.
63

66
0

49 47
.0

1.
33

17
01

.4

Fi
g.

 4
 

To
p 

le
ft

 s
ho

w
s 

in
st

an
ce

s 
of

 n
on

-a
dh

er
en

ce
 f

or
 p

at
ie

nt
 1

, t
op

 r
ig

ht
 s

ho
w

s 
fa

ct
or

s 
co

nt
ri

bu
tin

g 
to

 th
os

e 
in

st
an

ce
s,

 b
ot

to
m

 le
ft

 s
ho

w
s 

in
te

rq
ua

rt
ile

 r
an

ge
 ta

bl
e 

(w
ith

 “
de

fa
ul

t s
ta

te
” 

re
m

ov
ed

),
 

an
d 

bo
tto

m
 r

ig
ht

 s
ho

w
s 

co
rr

es
po

nd
in

g 
bo

xp
lo

t f
or

 d
ur

at
io

n 
as

pe
ct

 o
f 

no
n-

ad
he

re
nc

e

Evaluation of Software for Automated Measurement of Adherence to ICP-Monitoring Threshold Guideline



222

a contributing factor as well. The majority of the non-
adherence  duration is in the “default state”2 (36.2%) and 
in a lower, but similar, value of 30%. The distribution 
appears to be spread evenly among all four factors.

 Patient 3

Figure 5 show the instances of non-adherence for patient 3.
Two instances of individual timelines of non-adherence, 

for each patient, are shown in Fig. 6. This presents a minute- 
by- minute rendering of the non-adherence against the ICP 
and treatment output. The red line in the figures indicates the 
non-adherence and has a “stepped” character due to the 
nature of the distance calculation. This allows a detailed 
view of the non-adherence relative to an individual event or 
treatment annotation (e.g. when trying to identify an exact 
moment of non-adherence).

2 Default state refers to the distance in a given dataset which occurred 
when there were large “gaps” due to low numbers of treatment annota-
tions. In this case, the distance calculated was 36.2%.

 Discussion

Considering the strengths of this work, this framework was 
developed to provide immediate, detailed and independent 
feedback on adherence at a level of clinical management. 
The vision for this application would be to fit it into audit 
procedures, such as weekly meetings to assess compliance or 
to assist with the review and further development of the 
guidelines themselves. The presentation styles chosen—
individual view charts, interquartile range representation, 
aggregate information—were all carefully chosen so as to 
maximise the utility of the information, in a way that informs 
a clinician as rapidly as possible about a patient’s status rela-
tive to the guideline considered. The trace of non-adherence 
reasons provides a qualitative detail to the overall quantita-
tive non-adherence, so information—whilst hidden for easier 
viewing—can still be “unpacked” and reviewed if required.

In terms of limitations, the adherence output generated 
from the three patients highlighted several issues with the sys-
tem. One major general issue was the categorisation of treat-
ments. The direct drug name was listed in the treatment tables 
of the framework database, which can either be categorised 
according to the BrainIT listing (as defined in [3] or from the 
original BrainIT specification [5]) or individually incorpo-

Total duration (mins) Non-adherence (%) Contributing reasons (%)

3

4

170

13.4

18.6

30

Type (10.0), Time to treatment (3.4)

Type (10.0), Time to treatment (8.6)

Type (10.0), Time to treatment (20.0)

Contributing reasons of non–adherence (%) – patient Patient3

13.4

18.6

30

0 10 20 30 40 50

Adherence (%)

Time to treatment Type

60 70 80 90 100

Fig. 5 Table of instances, with default state removed, and contributing reasons for patient 3
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Fig. 6 Top diagram represents a timeline of event 0 ICPm—the EUSIG 
event definition was a threshold of 10 mmHg, a hold-down of 20 min 
and a time window overlaid of 15 min. The bottom diagram represents 
a timeline of event 0, patient 3—the EUSIG event definition was a 

threshold of 15 mmHg, a hold-down of 20 min and a time window over-
laid of 15 min. In both diagrams, the blue line represents ICPm and the 
red line represents the distance from guideline (non-adherence)
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rated into the framework (e.g. the drug name  specifically listed 
in the code where pressors/fluids are captured to evaluate the 
type comparison in the cerebral perfusion pressure guideline). 
An improved categorisation would specify the measurement 
of adherence output more closely. From patient 2 it was found 
that the adherence output responded poorly to refractory pres-
sure events (those with constant increase and no positive reso-
lution). When a clinical context of intentional non-treatment is 
encountered (patient 3 had regular transient ICP pressure 
events that appeared to synchronise with the rise and fall of 
ETCO2 levels), the system also fails to incorporate this into its 
adherence evaluation.

In the wider TBI context, the project most closely aligned 
to this work in the clinical sphere is the European Union–
funded CENTER-TBI project [6]. Many publications have 
been made by this group over the lifetime to date of the proj-
ect, with a particular focus on living systematic reviews 
(LSRs). They cover several areas, such as the need for com-
bining human and machine effort (suggestions for approach) 
[7], and recommendations for the curation and development 
of living guidelines [8]. However, these publications largely 
detail the issues and challenges experienced so far rather 
than outlining a full implementation of procedure.

Most instructive in the clinical space has been the recent 
review of the sixth International Initiative for Traumatic 
Brain Injury Research (InTBIr) conference in October 2017 
[9] (a worldwide collaboration of major TBI projects). This 
reflected the progress of many of the leading TBI initiatives 
worldwide, with particular interest, from the point of view of 
this study, in the progress in data development by CENTER- 
TBI and TRACK-TBI [10]. In the same meeting, a represen-
tative of the BTF noted that on the development of TBI 
guidelines there is a lot of progress on literature identifica-
tion/synthesis and evidence-based recommendations, but not 
on the development of protocols and algorithms that would 
assist technologically in the revision and development of 
guidelines. The framework validated in this work would be a 
very good fit for this vision.

In terms of future work, a variety of avenues of research 
and refinement can be pursued. Tasks that should be immedi-
ately addressed include the technical limitations discovered 
during the evaluation phases of the work, including the 
improvement of sensitivity to refractory EUSIG events and 
of the processing of multiple treatments and events in one 
time window. In terms of contextual application, it would be 
ideal to apply the framework to a subset of the CENTER- 
TBI dataset and to approach the BTF to demonstrate as a 
possible application of technological algorithms to the feed-
back and development of TBI guidelines.

 Conclusion

The work described in this manuscript outlines a small 
pilot test of a guideline adherence framework that operates 
by calculating distances between process model represen-
tations of clinical management models in a neurological 
ICU. The output of this test indicates that some aspects of 
clinical management can be identified and correlated back 
to clinical opinion on the cases (through the notes pro-
vided). However, further work is required, with studies of 
larger patient numbers, to outline more subtle clinical 
nuance to support auditing or decision-making in a neuro-
logical ICU setting.
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 Introduction

The international incidence of traumatic brain injury (TBI) is 
currently estimated at 69 million people per year [1]. The 
incidence of TBI is 30–40% of all injury-related deaths inter-
nationally and is projected to account for the greatest burden 
of healthy years lost to disability of any neurological disor-
der until 2030 [2]. Due to the long-term patient support 
required following a TBI, conservative estimates in the USA 
place the economic burden at $81 million in direct and $2.3 
billion in indirect health costs [3]. This implies that any 
improvement upon current clinical management strategies 
has the potential to reduce both patient recovery times and 
the need for so much long-term support.

The measurement of intracranial pressure (ICP) is a key 
clinical tool in the assessment and management of TBI 
patients in a neuro-intensive care unit (neuro-ICU). Increased 
incidence of elevated ICP has been shown to be linked to 
worsening patient outcomes and higher mortality rates [4]. As 
such, a deeper understanding of how standard clinical thera-
pies affect an individual patient’s ongoing ICP wave form 
would be beneficial to the clinical decision-making process.

Current guidance and advice on the management of ele-
vated ICP is moving from a standardised ‘staircase’ approach 
for all patients to targeted approaches on an individual level 
[5]. It would therefore be useful to be able to assess these 
therapeutic approaches in the context of each patient. To 
achieve this aim, a combination of time series modelling of 
existing patients’ ICP waveforms and both factual and coun-
terfactual simulation could be applied to newly collected 
data. This would enable estimation of the ICP under actual 
conditions, factual simulation and, under hypothetical condi-
tions that did not apply to the patient at that time, counterfac-
tual simulation.

Time series modelling is a branch of statistical analysis 
that is concerned with understanding serially generated val-
ues both for inter- and intra-related values of sets of recorded 
signals, not necessarily from the same source [6]. In the con-
text of physiological monitoring it is concerned with under-
standing both the relationships between successive time 
points in a single patient’s recorded vital-sign signals and the 
relationship between each temporaneously recorded differ-
ent vital-sign signals, such as arterial blood pressure’s (ABP) 
influence on ICP. There are a number of ways to approach 
analysing and modelling a set of times series vital-sign 
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signals [7]; one of the most flexible, however, is using a time- 
varying dynamic linear model (DLM) [8].

A DLM is also known as a state-space model because it 
represents each observation as a distinct state that the sig-
nal, or space, equals at an instance in time. Secondly, a 
single DLM can represent multiple input and output sig-
nals at the same time. Finally, each state can be influenced 
by the states that directly precede it or are simultaneous 
with it. This ability to build complex relationships between 
the signals and their states lends itself well to modelling 
physiological signals that can have multiple external influ-
ences such as ICP.

Mathematically this would be represented for each state 
at a time point t as

 q q wt t t tG= +-1
 

where θt is the underlying temporal process driving the 
changes in the output signals, Gt is known as the evolutional 
matrix that will encode the known time series effects on the 
input processes, and ωt is an estimate of Gaussian noise 
inherent in the process. This underlying process would then 
generate the output signal via.

 y Ft t t t= +q n  

where yt is the output signal being modelled at a time point t, 
Ft is known as the observational matrix that will define the 
structure of how each signal interacts with the underlying 
temporal process, and finally νt is any measurement error 
associated with the output signal, as illustrated in Fig. 1.

The evolutionary matrix Gt can be created to represent a 
number of simultaneous time series concepts such as varying 
baseline signal trend using both polynomial and Fourier fac-
tors, autoregressive moving average (ARMA) effects on the 
estimated errors and, finally, seasonal components for cycli-
cal effects on signals, where the time-varying aspect of a 
model can be accounted for with changes to both Gt and Ft as 
the time t increases.

Forecasting with Additive Switching of Seasonality, 
Trend and Exogenous Regressors (FASSTER) is a new time- 
varying DLM implementation which was recently developed 
[9]. It incorporates multi-DLM switching to more accurately 
model external influences on a time series [10]. This tech-
nique models multiple DLMs under different specified con-
ditions and transitions between them over the course of the 
time series as the conditions change.

 Materials and Methods

A pilot application of the FASSTER time-varying DLM 
implementation was conducted using R version 3.6.1 [11] on 
the BrainIT database, a multi-centre dataset collected from 
22 European countries containing 261 patients and over 2.8 
million recorded minute-by-minute data points from multi-
ple vital-sign channels, such as ICP and ABP, with tempora-
neous treatment information [12]. This latter point is key to 
the conduct of the study due to the need for known interven-
tional therapies, which are intended to target aspects of man-
agement for the ICP signal.

The database was subdivided into patients with at least 
27  h of sequential ICP recordings, which could include 
missing values over that period, and those who have less 
than that amount. This amount was required so that 24  h 
could be used to train a model, 2 h as the true values when 
calculating any goodness-of-fit metrics, and a final hour to 
ensure that the tested 2-h prediction was not directly at the 
end of a sequence where more clinical manipulation could 
be encountered. This gave the study 106 patients who have 
the required 27 h of data, on which the FASSTER model 
would be applied, and 155 patients, the remaining cohort 
from the original 261 patients in the BrainIT database, so 
that modelling features could be assessed to create the evo-
lution matrix Gt. The demographics for the complete data-
base and for the 106-patient subgroup are shown in Table 1. 

θt-2 θt-1 θt

yt-2 yt-1 yt

Gt-1 Gt

Ft-2 Ft-1 Ft

Fig. 1 Illustration of state relationships in typical dynamic linear 
model, where θt is the underlying temporal process, Gt is the evolutional 
matrix, yt is the output signal being modelled at a time point t, and Ft is 
the observational matrix

Table 1 Selected demographics of the 106 patients included in the 
FASSTER time series modelling

Female (N = 26) Male (N = 80)
Age 33.4 (17.9–54.7) 31.5 (19.0–46.0)

Initial pH 7.42 (7.33–7.47) 7.40 (7.34–7.44)

GCS: Eye 1.00 (1.00–1.33) 1 (1–2)

GCS: Motor 4 (1–5) 5 (2–5)

GCS: Verbal 1 (1–2) 1 (1–2)

Mean ICP 13 (9–17) 13 (9–18)

Mean ABP 86 (78–94) 86 (77–96)

Heart rate 86 (75–97) 80 (69–93)

Core temperature 37.4 (37.0–37.8) 37.6 (37.0–38.0)

SaO2 99 (98–100) 99 (98–100)

M. Shaw et al.



227

There was a median (interquartile range (IQR) 2.1% (0%, 
11.2%)) of values missing per ICP signal over the 106 
patients; these values were included without manipulation 
in the analysis because DLMs can analyse data containing 
non-stationary processes, missing values and non-uniform 
sampling.

To start to create the evolution matrix Gt, a number of 
strategies were employed to assess the underlying structures 
in the time series. Firstly, Fourier analysis was performed on 
the 155-patient training subgroup to assess what, if any, 
baseline trends existed in the dataset. Then autocorrelation 
(ACF) and partial autocorrelation (PACF) analyses were per-
formed to investigate the order of any ARMA errors for the 
ICP signal. Domain knowledge was employed to add sea-
sonal components to the signal at 5- and 30-min intervals to 
account for ongoing clinical manipulation of the patients at 
bedside and enable ABP, age and gender to influence the 
general state of the ICP signal. Finally, the top three preva-
lent interventional therapies given to target ICP changes 
were chosen to enable the switching between each of these 
therapeutic states, and a summary of the prevalence is given 
in Table 2.

The constructed FASSTER model was then trained on the 
first 24 h of each of the 106 testing patients’ ICU stays, and 
then the next 2 h of ICP was forecast. These time intervals 
were chosen, both 24 and 2 h, to ensure enough time had 
passed in which at least one of the three interventional thera-
pies could have occurred. Each of these 2-h forecasts were 
then assessed using a median absolute error against what 
actually happened to the patients’ ICP signal in the same 
period.

 Results

The analysis of the 155 training patients showed, via Fourier 
analysis, that there was a significant periodicity at 298 min in 
this dataset. Secondly, from the ACF and PACF analysis an 
ARMA(1,3) model was shown to be adequate in estimating 
more accurate errors.

The three most prevalent therapeutic categories were 
shown to be analgesia, n = 1490 (20.5%), osmotic therapy, 
n = 1441 (19.8%), and paralysis, n = 1401 (19.3%).

The accuracy assessment of the FASSTER time-varying 
DLM implementation shows the overall median absolute 
error, with 95% confidence intervals, was 2.98 (2.41–5.24) 
mmHg calculated using all 106 two-hour forecasts, with a 
representative forecast shown in Fig. 2.

 Discussion

Prediction of ICP is not a new idea; however, the dichoto-
mous task of predicting whether ICP is higher than a pre- 
specified target threshold has been shown to be inadequate 
[13]. It would therefore be better to attempt to predict the 
actual ICP value and assess how it changes over the period of 
interest.

Farhadi et  al. [7] investigated time series prediction of 
ICP values at a 30-min horizon in children using a number of 
classical approaches. They highlighed the need for exoge-
nous regressors, such as other vital-sign channels and medi-
cation delivery, to augment any single-signal analysis. These 
key points form the basis of why the FASSTER implementa-
tion is useful in this context. The simple autoregressive inte-
grative moving average (ARIMA) model from that paper 
was assessed and found to have similar order values to this 
current studies ARMA assessment on the 155-patient train-
ing set, (1,1,4) and (1,3) respectively, where the first-order 
differencing component in the ARIMA model is accounted 
for elsewhere in the FASSTER model.

A median absolute error of 2.98 (2.41–5.24) mmHg is 
within clinically acceptable limits, and this is in line with the 
mean absolute errors seen by Farhadi et  al. [7], though it 
should be noted that this current paper assessed the values 
over all forecast time points in the subsequent 2 h, whereas 
Farhadi et al. were forecasting only the next 30 min.

The median or mean absolute errors are only summaries 
of what the minute-to-minute errors actually are. As seen in 
Fig. 2, there are several points in which the variability of the 
true ICP signal is not replicated by the FASSTER- 
implemented ICP forecast. This highlights the need for more 
information to be included in the modelling process to 
improve the final fit. The current model could be simply 

Table 2 Prevalence of clinical therapy states from the106 patients 
extracted from the BrainIT dataset
Therapy Count (%)
Analgesia 1490 (20.5)

Sedation 1441 (19.8)

Osmotic therapy 1401 (19.3)

Paralysis 1049 (14.4)

Head elevation 509 (7.0)

Ventilation 420 (5.8)

Other therapy 409 (5.6)

Volume expansion 154 (2.1)

Barbiturate therapy 132 (1.8)

Anti-pyretics 107 (1.5)

Anti-hypertensives 66 (0.9)

CSF drainage 36 (0.5)

Hypothermia 28 (0.4)

Steroid therapy 22 (0.3)

Inotropes 10 (0.1)

Time Series Analysis and Prediction of Intracranial Pressure Using Time-Varying Dynamic Linear Models
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extended to incorporate this new information either by add-
ing more switchable therapeutic states or adding more exog-
enous regressors.

This current work only looks to forecast what actually 
happened to the ICP signal to enable assessment of the 
FASSTER implementation as a new modelling technique. 
However, it also has the ability to simulate counterfactual 
forecasts under hypothetical conditions. A counterfactual 
forecast can be created using any exogenous regressors that 
could be targeted with a clinical intervention, such as ABP, 
or any of the included therapeutic states, analgesia, osmotic 
therapy or paralysis. This hypothetical forecast can generate 
a possible ICP signal under the chosen combination of exog-
enous regressors and therapeutic states enabling exploration 
of possible outcomes in which different clinical interven-
tions are applied.

Currently these counterfactual simulations are limited by 
the original model’s ability to learn how an individual patient’s 
ICP signal reacts to a given therapeutic state, implying that if 
a patient has not been in that state during the training period, 
of the previous 24 h, then a less accurate forecast will be gen-
erated under those unknown hypotheses. To counter this inher-
ent limitation of the current technique, it is proposed that an 
average patient reaction to all therapeutic states be learned 
across all patients in the current dataset. These general effects 
could then be used as baseline exogenous input to all per-
patient models to better influence a forecast’s overall trend 
when an unknown counterfactual is encountered.

 Conclusion

The FASSTER time-varying DLM implementation is a novel 
technique which shows some promise for forecasting with an 
adequate accuracy of approximately 3 mmHg. It will require 
further optimisation to become a usable clinical tool for both 
factual and counterfactual simulations of a patient’s ICP 
signal.
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 Introduction

A patient stay in a modern intensive care unit (ICU) gener-
ates large volumes of high-resolution data that encode under-
lying information about the patient’s physiology. This 
information can then be used directly at the bedside to help 
in patient management and lead to better outcomes. To assess 
this information, the data generated must be collected and 
subjected to further analysis.

Because of the nature of the data collection process and 
the continuous interventions made to these patients, the raw 
data collected are very often polluted with artefacts that 
mask the underlying physiology. In this scenario some of the 
artefactual data recorded originated from sensor disconnec-
tion, misplacement, recalibration routines or flushing of the 
signal-conducting channels. The data generated by these 
occurrences are completely invalid and must be eliminated 
before any meaningful and reliable analysis can be done. 
Other types of artefact are generated when the patient is sub-
ject to any kind of bedside intervention such as suctions and 
patient repositioning maneuvers. These types of artefacts 
should be dealt with in a different manner than the ones 
described previously because the data measured are likely 
correct, i.e. the patient will experience the effects of these 

interventions and the response measured will be true, albeit 
artificially induced.

It is therefore of paramount importance to devise pre- 
processing methods that can distinguish different types of 
artefacts and deal with them in an effective and systematic 
way. The gold standard method for identifying and marking 
artefacts remains the manual mark-up, but, although this 
technique is sensitive to different types of artefacts, it is also 
very time-consuming, highly dependent on the criteria, bias 
and experience of the investigator marking the recording and 
can only be applied on retrospective data.

Another commonly used technique makes use of simple 
heuristics like thresholding using the accepted physiological 
values as limits or detecting the lack of pulsatility of other-
wise pulsatile modalities to detect artefactual periods. Even 
though these methods can be applied to real-time data pro-
cessing and systematically following the same rules through-
out the processing, these algorithms are often tailored to 
specific types of artefacts and will usually not eliminate the 
artefactual sections in their totality.

An ideal artefact detection technique is one that can reli-
ably and systematically discern between different types of 
artefacts whilst being applicable in real-time analysis sce-
narios. Such an algorithm should also support the means of 
selecting families of artefacts to be removed from analysis 
depending on the phenomena being studied.

A good candidate for this task is the Symbolic Aggregate 
aproXimation (SAX) algorithm, which can extract informa-
tion about the shape of individual pulses of periodic modali-
ties, like arterial blood pressure (ABP) or intracranial 
pressure (ICP), and determine whether the pulse is artefac-
tual. Though these signals are highly dynamic, if unper-
turbed, they will maintain highly stable and very well-defined 
shapes. On the other hand, interventions will influence the 
shape of the pulses, and these changes will be detected and 
marked as artefacts.

In this work we present the application of the SAX algo-
rithm as an automatic artefact detection technique that can be 
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comparatively as sensitive to different types of artefacts as the 
manual mark-up but can be applied in real time. Here we will 
also evaluate the performance of this method against the gold 
standard method, the manual mark-up.

 Materials and Methods

The dataset used to evaluate the performance of this algo-
rithm was composed of high-resolution ABP signals 
(>100 Hz sampling frequency) from the CENTER-TBI proj-
ect [1]. The data were collected between January 2015 and 
December 2017 and comprised continuous streams of data 
from patients with moderate to severe traumatic brain injury 
from 21 centres in the European Union. The data collection 
software was ICM+ [2], and the files were then processed 
further in MATLAB [3].

The information about the shape of the pulses was 
obtained using the SAX algorithm [4], which converts a 
pulse represented in the time domain into a ‘word’, called a 
SAX string (SAXS) (Fig.  1). Similar pulses will naturally 
aggregate into the same or very similar SAXS.  To distin-
guish between SAXS generated from artefactual and physi-
ological pulses, a classifier based on a support vector machine 
(SVM) [5] was used.

To calculate the SAXS, the raw signal was cut into indi-
vidual pulses, this was done using an algorithm published in 
[6]. The cut pulses were then normalized so that their mean 
value was 0 and standard deviation was 1, and they were also 
rescaled to a length of 100 data points. The length of the 
SAXS was chosen to be six with an alphabet of six charac-
ters, so that the number of SAXS generated would be man-

ageable for manual classification (66 possible SAXS). To 
attribute a value to each letter of the SAXS, the pulse was cut 
into six equally sized chunks, and the mean value of each 
chunk was calculated. This mean value was then encoded by 
a letter by dividing the letter axis into six areas of equal size 
and matching the mean value to a letter (Fig. 1).

This algorithm was then applied to the raw ABP of 50 
randomly chosen patients from the dataset and a dictionary 
composed of pairs of SAXS—a mean pulse (calculated from 
all pulses encoded by the same SAXS)—was created, yield-
ing 3330 entries.

From this dictionary the 700 most commonly occurring 
SAXS, composing 99.75% of the total number of pulses 
analysed, were manually classified as physiological or arte-
factual and used as the training dataset for the SVM 
classifier.

To evaluate the performance of the technique, a new data-
set composed of a balanced number of artefactual and physi-
ological pulses was created from another eight randomly 
chosen patients from the CENTER-TBI dataset (Fig.  2). 
Each individual pulse in this new dataset was then automati-
cally classified by the trained SVM classifier and two inde-
pendent researchers. The evaluation of the two independent 
researchers was then compared to the results of the automatic 
classification.

 Results

The created dictionary relating the SAXS/average pulse 
pairs proved to be a very effective way of generating the clas-
sified data to train the classifier. Fig. 1 shows examples of 

Fig. 1 Diagram depicting calculation of SAX string for individual pulse. On the y-axis is the SAXS generated for each pulse, on the x-axis the 
alphabet used to calculate the letters for the SAXS
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SAXS generated by a physiological pulse and an artefactual 
pulse. The testing dataset contained examples of the most 
common types of artefacts described that allowed us to eval-
uate the algorithm in different scenarios. Fig.  2 shows a 
snapshot of this dataset and the result of the pulse classifica-
tion by the algorithm. Fig. 3 presents examples of the appli-
cation of the algorithm to detect artefacts in some ABP time 
series.

Compared with the two independent researchers, the 
algorithm achieved a sensitivity of 97.2% and 95.4% and a 
specificity of 87.7% in both comparisons.

 Discussion

The very high sensitivity displayed by the algorithm guaran-
tees that the majority of physiological pulses are allowed 
through, with a high rejection rate of artefactual pulses veri-
fied by the specificity. This result is remarkable because the 
classification is based solely on information about the overall 
shape of the pulses, ignoring all other commonly used mea-
sures. The algorithm was also shown to be very highly sensi-
tive to various families of artefacts, successfully eliminating 
line flushes, noisy signals, sensor interference and even 

Fig. 2 The time series in the centre of the figure was used to evaluate 
the performance of the algorithm. 1—Example of misclassified pulse 
due to presence of noise. 2—Example of misclassified pulse due to hav-
ing an acceptable SAX but with non-physiological values. 3—Same as 
2. A—Example of an accurately rejected line flush. B—Example of 

accurately rejected pulses from different modalities. C—Example of 
accurately rejected pulses where sensor was perturbed. In black are 
pulses classified as physiological, in blue are pulses classified as arte-
factual and in red are pulses rejected by the algorithm before 
classification

Fig. 3 Results of pulse classification; pulses in blue were accepted as physiological; those in red were rejected as artefacts
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sections of data with signal swap (Fig. 2). This technique can 
also be applied in real time at the bedside since it works on a 
pulse-by-pulse basis and is computationally inexpensive.

Despite its overall satisfying performance, certain fami-
lies of pulses would lend themselves to false negative clas-
sifications. This is partially because of the low resolution of 
the SAXS (six letters wide) that sometimes groups pulses 
that would be considered noisy into physiological ones 
because they have the same mean value (Fig.  2(1)). This 
could be avoided if the length of the SAXS were increased 
and the alphabet used to encode them, but it would lead to an 
exponentially larger universe of possible SAXS, making the 
task of training the classifier much more difficult. Another 
factor generating false positives is the absence of any infor-
mation other than shape; this leads to the detection of some 
pulses as physiological when the values of the raw data go 
outside of the physiological ranges (Fig. 2(2, 3)). Errors in 
the pulse extraction phase also lead to some otherwise true 
positives being classified as artefacts.

The requirement of supervised training of the classifier 
can also influence the performance of the algorithm because 
it will still be subject to the same limitations as manual mark-
 up. This can bias the classifier, and because the training pro-
cess is highly repetitive and time-consuming, it is prone to 
erroneous and slightly inconsistent annotations.

Overall the algorithm performed highly satisfactorily, and 
our results serve as a proof of concept that information about 
pulse shape can constitute an effective tool for detecting and 
removing common artefacts in physiological signals that 
carry cardiac rhythm variability. Future iterations of this 
algorithm would use better performing pulse-cutting algo-
rithms to minimize the number of pulses wrongly cut. The 
algorithm would also have to consider physiological ranges 

of the modalities in order to decrease the number of false 
positives further. To be able to fully distinguish between 
types of artefacts, the algorithm would have to implement 
more SVM classifiers trained to detect them.
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 Introduction

Critically ill patients in an intensive care unit (ICU) may 
experience life-threatening deterioration, sometimes over 
minutes or even seconds. Care of these patients is therefore 
highly dependent on data [1], which, by necessity, may be 
voluminous and complex. An extreme example of this are 
high-frequency physiological waveforms, such as invasive 
arterial blood pressure (ABP), electrocardiogram and other 
vascular or intracranial pressures, which provide a wealth of 
complex, heterogeneous, yet highly structured data at optimal 
sampling frequencies of 100Hz or even more. Continuous 
monitoring of these waveforms form the basis of clinical 
research and care, in particular alerting clinicians to changes 
in the patient state in real time, and they may be further pro-
cessed to derive other useful parameters, for example mea-
sures for tracking cerebral autoregulation [2] and heart-rate 
variability [3], which have repeatedly been shown to be deter-
minants of physiological integrity. Further, more sophisti-
cated metrics of these waveforms, based on non-linear 
dynamics [4] or information theory [5], may form novel digi-
tal biomarkers for precision care in the future (e.g. [6]).

Waveform artefacts arise from a variety of internal and 
external sources, such as sensor noise, patient movement 
and clinical intervention. Such artefacts may reduce reliabil-
ity in the estimation of derived indices, confound analysis 
and create uncertainty in clinical decision-making. In the 
same manner, the handling of missing data is closely related 

and is often treated using simple methods, such as linear 
interpolation of observed data, that are biased and underes-
timate variability. Imputation methods that maintain some 
statistical properties or features of the data offer a useful 
alternative [7]. Artefact detection is also important for ICU 
alerting systems [8] and reduces the likelihood of false posi-
tive alarm incidents. A high rate of false alarms carries a 
significant risk because alarm fatigue often leaves clinical 
staff perceiving the alarms to be generally unhelpful and can 
therefore potentially result in delays in the appropriate clini-
cal intervention [9].

Artefact detection has traditionally been a difficult and 
costly task, requiring time-consuming human annotation or 
thresholding based on signal-specific feature engineering 
[10]. Due to the complex morphologies of waveforms, anno-
tation by experienced clinicians remains a gold standard for 
ICU multimodality monitoring, despite inherent biases and 
issues with replicability. Many standard supervised learning 
methods require samples that are annotated in this way in 
order to learn a model, though a recent study used active 
learning to query and propose samples for annotation in an 
efficient manner [11]. An alternative unsupervised approach 
has foundations in spectral anomaly detection [12]. These 
methods seek an embedding of data in an ‘information bot-
tleneck’ lower-dimensional space, where the anomaly or 
artefact is separated from the normal data, and then form a 
reconstruction of the input from its lower-dimensional repre-
sentation back to the original input space. Embedding in the 
‘bottleneck’ latent space is a lossy transformation, and the 
aim is to capture salient features of the data whilst disregard-
ing anomalous features. Subsequently, the reconstruction 
should restore the underlying ‘true’ behaviour, and the error 
in the reconstruction, compared to the input, can then be 
used to discriminate artefacts.

Generative modelling describes a class of models in which 
we want to learn a distribution pθ(x) to approximate the true 
distribution of data X in a dataset. We can sample directly 
from this learnt distribution to generate new example data that 
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captures some statistical properties and features of the true 
distribution of the data. A subset of this are latent variable 
models, which condition on unobserved variables or features 
z, with a family of deterministic functions f(z; θ) mapping z to 
the data space via a decoder network, which is parameterised 
by θ. The aim is maximum likelihood estimation of the mar-
ginal (model evidence) p(x) =  ∫ p(x, z)dz =  ∫ pθ(x| z)p(z)dz 
with respect to θ, but this is often intractable. Variational 
autoencoders (VAEs) [13] resolve this using variational 
Bayesian inference, reproducing this ‘bottleneck’ architec-
ture (Figure 1) via coupled but distinct encoder and decoder 
modules, where the encoder describes a variational distribu-
tion qϕ(z| x) that approximates the true posterior 
p(z| x)  =  p(x| z)p(z)/p(x). During training, it learns both to 
encode some information about each data point in its latent 
representation, z ~ qϕ(z| x), and stochastic sampling from this 
distribution allows the model to abstract and generate new 
candidate data, x ~ pθ(x| z), that accurately reconstructs inputs 
from the assumed underlying random process. This enables it 
to discriminate artefacts despite never being explicitly 
exposed to any, since we assume different latent mechanisms 
govern the waveform behaviour of any artefacts, and so model 
prediction over an input containing such an artefact will have 
low reconstruction probability and high reconstruction error 
[14]. For further details, comprehensive summaries of VAEs 
can be found in the literature, e.g. [15–17].

In this work, we demonstrate the potential for deep gen-
erative learning, in particular VAEs, in the detection of arte-
facts in physiological waveforms, developing a VAE-based 
model and pipeline, which we name DeepClean. We investi-
gate whether, by training DeepClean on largely clean ABP 
recordings as an example, regions of artefactual data can be 
identified in a self-supervised way without explicitly show-
ing DeepClean any artefact exemplars. Furthermore, we aim 
to determine whether the DeepClean generative model can 
impute missing data over such regions. This work is a short-
ened version of a preprint we archived recently [18]; the 
reader is encouraged to refer to that paper for a fuller 
discussion.

 Methods

Fully anonymous ABP data from a standard indwelling arte-
rial line connected to a pressure transducer (Baxter 
Healthcare Corp. CardioVascular Group, Irvine, CA) was 
obtained as part of routine ICU clinical care. The data used 
in this study are ABP waveforms from a single anonymised 
adult patient monitored almost continuously throughout a 
stay of several days in the ICU. The signal was sampled at 
frequency of 125Hz using ICM+ software (Cambridge 
Enterprise Ltd., Cambridge, UK, http://icmplus.neurosurg.
cam.ac.uk). Under UK regulations, ethical approval was not 
required for the reuse of anonymous data obtained as part of 
routine clinical practice for research.

DeepClean was trained and tested on 10s windows of pre-
processed data. To learn a generative model describing 
‘clean’ physiological waveforms, we first removed large, 
grossly abnormal sections by applying basic thresholding 
heuristics (for further detail, see [18]), to obtain largely 
‘clean’ training data without human mark-up at a beat-to- 
beat level. This is a far easier task than manual mark-up of a 
waveform but inevitably leaves artefacts in the training set. 
Removing this preprocessing step does not prevent the learn-
ing of a generative model, but without it training can be more 
difficult and the final generative model suboptimal because 
such training samples will make a larger contribution to the 
overall loss function. Though DeepClean is self-supervised, 
we required a labelled test set to determine model perfor-
mance against manual expert mark-up. We selected this test 
set randomly from the unprocessed data to avoid potential 
sources of selection bias, but with higher probability of 
selecting regions marked as abnormal in preprocessing, 
because we assumed waveform artefacts were rare compared 
to normal beats and we required a balanced test set, with a 
similar proportion of artefacts and valid signals (again, see 
[18]). The test set and preprocessing-marked regions were 
then removed from the dataset and the remaining data split 
into 10s samples, shuffled, and divided into training and vali-
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encoder are the variational parameters, ϕ, and the weights of the 
decoder are the generative parameters, θ. The output of the encoder acts 
as a mean and standard deviation to the Gaussian variational distribu-
tion. Figure also in [18]

T. Edinburgh et al.

http://icmplus.neurosurg.cam.ac.uk
http://icmplus.neurosurg.cam.ac.uk


237

dation sets with a ratio of 9:1. Training, validation and test 
sets were then standardised by the training set mean and 
standard deviation. Each 10s test sample was labelled as 
either containing an artefact or being artefact free by expert 
review (TE, AE). Furthermore, for samples judged to contain 
an artefact, sections of the waveform within each 10s win-
dow were also annotated. We also assessed performance by 
comparison to principal component analysis (PCA), which 
performs a similar dimensionality reduction and reconstruc-
tion. The number of principal components is comparable to 
the latent dimension of a VAE, so we refer to both as the 
latent dimension for brevity.

We built a variational autoencoder with deep convolu-
tional neural networks (CNNs) for both encoder and decoder 
modules. CNNs allow a network to learn translation- invariant 
local patterns, with successive layers building a spatial hier-
archy of increasing scale, a sensible approach in this context 
where physiological signal data are quasi-periodic and 
highly structured. We fixed an encoder network architecture 
with three relatively small convolutional layers, alternated 
with two pooling layers to increase the receptive field, and 
finally two dense layers that split the network graph into 
separate branches for the two parameters that define the 
latent space. The decoder architecture mirrored this in 
reverse, with pooling replaced by up-sampling. Both encoder 
and decoder contained approximately 20,000 trainable 
parameters. We then trained separate models with increasing 
latent space dimension. For each latent dimension, we 
repeated training five times, presenting the model that mini-
mised the validation loss. To train DeepClean, we used an 
NVidia Pascal P100 graphical processing unit (GPU), with 
code written in Python using the Keras library [19] with 
TensorFlow backend [20]. We optimised the evidence lower 
bound objective (ELBO) [13, 15, 17] and made typical 
assumptions about the distributional families of the prior, 
variational and conditional.

We assessed the performance of our approach in detecting 
whether or not a 10s sample of data contained an artefact or 
not via the mean squared error (MSE) between the sample 
and its reconstruction, with a suitable threshold. The goal of 
this work was to develop a ‘blind’ self-supervised classifica-
tion procedure, and so any threshold on a metric applied to 
the reconstruction error must be chosen independently of the 
test data. Figure 2 illustrates that the MSE values are gener-
ally not independent of hyperparameter choice. Therefore, 
without prior knowledge of a suitable threshold, a pragmatic 
approach was to set a threshold based on the 90th percentile 
of the same metric calculated instead on the training data and 
their corresponding reconstructions. Note that, by decreasing 
the threshold on a metric, we classified more samples as arte-
facts, regardless of the correctness of this classification, and 
therefore increased the specificity at the cost of decreasing 
the sensitivity (Fig. 2). We assessed the model performance 

by comparing the DeepClean classification to our annota-
tion, using measures widely employed in clinical settings: 
accuracy, sensitivity and specificity. With samples identified 
as artefacts, we could then use a metric on subsets of the 
sample (such as a sliding window approach) to identify arte-
facts more precisely within these samples [18].

 Results

We worked with 486,984 s of ABP waveform data from a 
single anonymised adult patient. We marked 11,082s of 
486,984s (2.28%) as grossly abnormal in preprocessing, 
leaving training and validation sets of 37,821 and 4728 10s 
samples. Training required under 10  min of computation 
time on average, although this increased with latent dimen-
sion. Subsequent prediction, on test data or on new data, is 
inexpensive and requires only milliseconds. Our annotation 
marked 130 test samples out of a test set of 200 as containing 
an artefact.

DeepClean was able to reconstruct much more accu-
rately the waveform inputs than PCA.  In particular, 
DeepClean was able to encode subpulse components, such 
as the dicrotic notch, even for minimal latent dimensions. 
The PCA reconstruction is particularly poor for a small 
number of principal components but is much better for 
larger latent dimensions (as seen in the training set log-
MSE values in Fig.  2). DeepClean significantly outper-
formed the baseline PCA in sample-wide artefact detection 
in model sensitivity (Table  1), using our training set–
defined threshold. Whilst we give a heuristic for identifying 
this threshold, DeepClean also had a significantly higher 
receiver operating characteristic area under the curve (ROC 
AUC) than PCA.  There is in general a clear distinction 
between the log-MSE of artefacts and valid data for the 
DeepClean reconstruction since DeepClean is able to dis-
tinguish samples similar to and unlike those belonging to 
the underlying generative process of the waveform from the 
training set data. In contrast, the range of log- MSE values 
for PCA reconstructions were similar for both training set 
and test set artefacts, so the latter could not be easily identi-
fied in this way. In both cases, the non-artefact test samples 
followed a distribution similar to that of the training data, 
so the specificity was generally close to the training set 
90th-percentile threshold. Because PCA reconstructions 
have a higher error than DeepClean unless the number of 
principal components is very large, the threshold was dif-
ferent for each method, and so an identical reconstruction 
may be identified differently by DeepClean and PCA.  In 
particular, a poor DeepClean reconstruction of a sample 
containing an artefact may be identified as such when an 
identical reconstruction from PCA may not.
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 Discussion

We have demonstrated the use of a VAE to clean ABP sig-
nals in a self-supervised manner, suggesting a clear poten-
tial role for deep generative learning in this clinical 
application. DeepClean requires only two basic steps 
alongside jointly training encoder and decoder neural net-
works: straightforward thresholding heuristics for prepro-
cessing, which may even be omitted at the cost of a slightly 

weaker model, and a metric or decision rule for discrimi-
nating artefacts based on reconstruction error, which may 
include learning an acceptance threshold from the training 
data based on an approximate target false negative rate. 
Unlike a recent study [21], which employed a stacked con-
volutional autoencoder (SCAE) combined with a CNN, 
our approach does not require pulse pre-segmentation 
(which is in itself a difficult task requiring heuristics) or a 
supervised final classification network. Furthermore, since 
DeepClean functions in the time domain, it avoids the qua-
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Table 1 Assessment of the classification of samples as containing an artefact or not, for both PCA and DeepClean (VAE). Both methods had 
comparable specificity, i.e. correctly identifying non- artefact data as such, with PCA performing slightly better. However, DeepClean alone can 
identify artefactual data as such, with high sensitivity

Accuracy Sensitivity Specificity ROC AUC

Latent dim PCA VAE PCA VAE PCA VAE PCA VAE
2 0.61 0.88 0.454 0.854 0.9 0.929 0.471 0.967

3 0.615 0.925 0.462 0.977 0.9 0.886 0.478 0.984

4 0.62 0.945 0.462 0.977 0.914 0.886 0.482 0.987

5 0.62 0.945 0.462 0.992 0.914 0.857 0.487 0.994

10 0.62 0.86 0.470 0.869 0.9 0.843 0.496 0.953

20 0.63 0.855 0.470 0.877 0.929 0.814 0.528 0.96

50 0.605 0.905 0.454 0.931 0.886 0.857 0.474 0.976

100 0.58 0.895 0.446 0.908 0.828 0.871 0.478 0.969

Mean 0.613 0.901 0.460 0.919 0.896 0.868 0.487 0.973
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dratic complexity of first mapping the pulse morphology to 
a two-dimensional space.

We decided to split the data into 10s samples for training 
and prediction, since such segments typically contain a small 
number of beats, and we do not expect physiology to vary 
significantly over this period from clinical experience. A 
sample of this length should include a sufficient number of 
beats that the model can learn so as to generalise the struc-
ture of the waveform and therefore distinguish artefacts that 
occur over similar or longer time scales. It is important that 
the model recognises clinical events as part of the same gen-
erative process and so does not classify these as artefacts. 
Failure to flag a clinical event that has been incorrectly iden-
tified as a signal artefact risks delayed intervention and treat-
ment. Whilst such events are characterised by sudden 
changes across multiple frequency bands concurrently, the 
structure of the waveform during a clinical event is largely 
retained within a sample of this length, so it is a suitable 
choice.

Artefact detection is often only the first of two parts 
involved in handling invalid data because simply removing 
artefacts creates missing data that may also bias further anal-
ysis. One major advantage of a generative model is that it can 
be used to generate realistic, synthetic data by sampling 
directly from the latent distribution. An obvious solution, 
then, is to replace an artefact sample with its reconstruction, 
and further, we can also set missing data to a fixed non- viable 
value and similarly treat this as an artefact. This may only be 
suitable for a given sample if, for any artefacts within that 
sample, the reconstruction can approximate (with large 
enough reconstruction error such that it is classified as an 
artefact) the underlying waveform behaviour that would be 
expected in the absence of the artefact mechanism whilst 
simultaneously maintaining a small error for any non- artefact 
regions in the same sample (e.g. Fig. 3, left and third from 
top). For an artefact, the latent representation, described by 
the variational distribution qϕ(z| x), gives some hint as to 
when DeepClean is successful at this. In imposing the gen-
erative model on new data that does not come from the same 
process or mechanism as the training data, the probability 
that an artefactual sample will be generated by latent vari-
ables that are similar to those of valid data is very low, and as 
a result, the artefactual sample is forced to have a latent rep-
resentation with vanishingly small probability mass in the 
average encoding distribution or the prior. Because the model 
has spent little or no time training this region of the latent 
space, the reconstruction is therefore very unlike that of any 
valid data, and we cannot impute using it. Density-based 
anomaly detection methods, which identify anomalies by the 
sparsity of the region of space in which they occupy, may be 
useful to recognise artefacts for which these imputations are 
not appropriate. An alternative is to track the trajectory of a 
patient in the latent space and sample at points close to this 

trajectory when an artefact has been identified, but further 
work is needed to understand the structure of the latent space. 
For example, β-VAEs [22, 23] can improve the ability of a 
network to disentangle meaningful features in the data via 
constrained optimisation.

We have considered expert manual mark-up for ‘ground 
truth’ artefact assignment. Some artefacts are clearly identi-
fiable to clinicians because their signal profile is so extreme. 
For example, blood sampling or subsequent flushing of the 
arterial line may be highly variable in profile but will clearly 
contain signal excursions which are unphysiological. Other 
signals are not so clear-cut to categorically assign as artefact. 
Patient movement may introduce vibration, which in the 
extreme may render the signal unusable but in less severe 
cases often simply decreases the signal-to-noise ratio; 
whether such signals are identified as artefacts is to some 
extent arbitrary. Changes in the resonant properties of the 
ABP transduction system due to blood clots or bubbles rep-
resent another difficulty. This may occur as a result of ‘over- 
damping’ (mean pressure preserved) or attenuation [24] 
(mean pressure not preserved): in either case the pulse ampli-
tude is reduced and high-frequency features are lost. Since 
the presence of high-frequency features varies with cardiac 
output, it is impossible to absolutely describe such regions as 
valid or otherwise. As a result of these considerations, a good 
gold standard is lacking and therefore imposes limitations on 
our ability to rigorously evaluate model performance.

We have focused little attention on optimising hyperpa-
rameter and architecture choices, using deep CNNs for both 
encoder and decoder that we have deliberately kept small 
relative to the deep generative learning literature. However, 
we expect the gains from increasing the network size or com-
plexity, for example, to be marginal in this application 
domain. Indeed, increasing the learning capacity of the 
decoder may mean that the latent variables are ignored and 
do not encode information about the data. One hyperparam-
eter we have investigated is the latent dimension. This is par-
ticularly interesting in view of unsupervised representation 
learning, provided we are able to learn disentangled interpre-
table features encoded in the latent space.

We chose the ABP signal as a test case for several reasons. 
Firstly, it is particularly artefact-prone due to the effects of 
movement and flushing on the fluid-filled catheter system 
typically employed. Secondly, ABP is of universal physio-
logical importance, especially the extremes of ABP (hypo- 
and hypertension), which are particularly influenced by 
artefacts. Finally, ABP morphology tends to have good 
signal- to-noise properties. The performance of our model 
with other types of physiological signal is an area of future 
investigation and optimisation. We have trained and tested 
our system on available data from a patient in sinus rhythm, 
which is strongly periodic over the sample lengths consid-
ered. The performance of this framework on data from 
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patients with more irregular (e.g. patients with arrhythmias, 
such as atrial fibrillation or multiple ectopics) has not been 
determined and will be the subject of future work. It is 
important to establish whether a generative model trained on 
the waveforms from one patient is able to generalise to other 
patients and maintain similar performance. If retraining is 
required, it is possible to initialise from a previous model and 
so not necessary to train from scratch. Such transfer learning 
between patients requires either identical recording frequen-
cies, which is common with standardised monitoring soft-
ware, or an interpolation scheme such that the length of 
samples corresponding to a fixed time interval is constant.

This work offers a promising alternative to the identifica-
tion of signal artefacts in physiological waveforms from 
intensive care multimodality monitoring. This study pro-
poses DeepClean, a self-supervised deep generative learning 
approach to identify and reject these artefacts. This method 
demonstrated high sensitivity and specificity for the identifi-
cation of samples containing an artefact from an ICU ABP 
waveform. High-frequency waveforms are central to clinical 
prognosis of patient state, and clinical parameters associated 
with outcome are derived from features of signals. Analysis 
that may inform care and treatment is susceptible to biases 
that arise from unidentified signal artefacts, and subsequent 
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Fig. 3 Illustration of key principles involving the latent distribution, 
via examples. Each example test input is given in black (left) with the 
corresponding latent representation within the latent distribution (right) 
and reconstruction (left) in (matching) colour. The shaded region above 
the dotted line (left) shows where DeepClean identifies an artefact 
(within the artefactual sample, using a sliding 1-s window MSE calcu-
lation as in [18]), and the shaded region below the dotted line shows the 
artefactual region as defined by the manual annotation. The latent dis-
tribution is the average encoding distribution and is approximately 
equal to the distribution of the prior, a multivariate unit Gaussian [25]. 
It shows the latent representations of the training samples, where each 
subplot shows the marginal distribution of a pair of latent variables as a 
scatter plot, after marginalising over all other latent variables. First, 

almost identical inputs (the first two panels on the left, blue and orange) 
have almost identical latent representations (in fact, the blue marker 
corresponding to the first panel is barely visible because the orange 
marker has been overlaid on top) and, similarly, almost identical recon-
structions. Second, inputs containing an artefact but with high probabil-
ity mass in the latent distribution (third panel, green) have ‘valid’ 
reconstructions, synthetic waveforms that are of the underlying process 
described by the generative model, and we can therefore impute the 
section marked as artefact using this reconstruction. Conversely, an 
input with very low probability mass in the learnt latent distribution 
(fourth panel, red) does not have a valid reconstruction, and we must 
resort to using an alternative latent representation if we want to use the 
generative model for imputation in this case
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potential misdiagnosis of clinical events could result in 
aggressive yet unnecessary clinical intervention. Further, by 
removing artefacts within a signal, an improvement in the 
prognostic ability of a real clinical event will reduce the high 
false positive rate of alarms in ICU monitoring systems, 
improving the conditions in which clinical staff can provide 
the best possible care for patients. Real-time identification of 
artefacts and signal irregularities is absolutely critical, and 
DeepClean suggests that deep generative learning can play 
an important role in this task.

 Data and Code Availability

The data used in this work were recorded as part of routine 
clinical care and not available for open access. However, the 
authors will consider requests for collaborative research 
projects. The code used in this study is available at https://
github.com/tedinburgh/deepclean.
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Abbreviations

ABP Arterial blood pressure
BP Blood pressure
CBF Cerebral blood flow
CPP Cerebral perfusion pressure
ECG Electrocardiogram
GCS Glasgow coma scale
GOS Glasgow outcome scale
ICH Intracranial haemorrhage
ICP Intracranial pressure
ICU Intensive care unit
MAP Mean arterial blood pressure
PEEP Positive end-expiratory pressure
SAH Subarachnoid haemorrhage
TBI Traumatic brain injury

 Introduction

 Background

Intracranial pressure (ICP) monitoring-based care of both 
traumatic brain injury (TBI) and non-TBI has proven to pro-
duce favourable outcomes and is by now general practice [1] 
as elevated ICP serves as an independent predictor of out-
come [2, 3], to the point that ICP monitoring is considered a 
useful technique even in less severe brain injury [4].

The effects of ICP-based care have been most extensively 
studied in TBI; however, there is ample evidence that 
increased ICP also adversely affects outcomes in, e.g., non- 
TBI such as in intracranial haemorrhage (CH), subarachnoid 
haemorrhage (SAH), ischemic stroke, and meningitis/
encephalitis [5]. The influence of ICP monitoring-based care 
on clinical outcomes seems less robust here, but it remains 
useful in guiding therapeutic decisions.

Therapies to reduce ICP or prevent its further increase 
include hyperventilation, application of hyperosmolar and 
colloidal solutions as well as barbiturates, removal of focal 
mass lesions and (hemi) craniectomy [6].

All of these therapies can be classed as moderately to 
highly aggressive. Reduced cerebral perfusion pressure 
(CPP) and cerebral blood flow (CBF) themselves can lead to 
hypoperfusion, resulting in cerebral ischemia, and the proce-
dures to reduce CPP and CBF are potentially dangerous to 
the rest of the organism because of their side effects. This 
means that an accurate estimation of ICP and its meaning for 
action is crucial.

So far ICP monitoring-based care is based on thresholds 
that have been defined as potentially damaging for the brain, 
at least in the long run, and are usually classed around 
20–25 mmHg [7].

It can be assumed, though, not only that a peak of ICP 
over a certain threshold or an elevation of ICP over a certain 
duration of time might be damaging to the brain tissue but 
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also that the overall waveform and pressure elevation of the 
ICP curve might play an important role in guiding clinical 
decision-making. This has been partially investigated in the 
concepts of dose or burden of elevated ICP [8] and the cor-
relation of elevated ICP with the Glasgow Outcome Scale 
(GOS) [9]. Both studies imply that not only the elevation of 
ICP over a certain threshold is relevant to the clinical out-
come, but also the duration and frequency of the ICP 
increase.

 Objective

New insights into the nature and especially the prognostic 
value of the ICP might be derived from the waveform itself. 
Studies suggest that not only a certain threshold of ICP, but 
also an increased amplitude of the ICP waveform [10] and a 
change in ICP curve morphology can serve as predictors of a 
general rise in ICP burden and, consequently, unfavourable 
outcomes. Such a morphologic change is the elevation of the 
second peak in the ICP curve, which can be detected by sim-
ple visual assessment, correlates with worsened outcome 
[11] and indicates compromised cerebrovascular pressure 
reactivity [12]. There is evidence to support the notion that 
complex pulse analysis combined with machine learning 
could help in forecasting elevated ICP and thus advance 
aggressive treatment of ICP in neurocritical care earlier [13].

For a profound analysis of the predictive qualities of the 
ICP waveform a recording of the ICP curve itself and a reli-
able identification of its components and characteristics is a 
prerequisite. If ICP waveform analysis is to be used on site to 
guide clinical decision-making, then the challenge is in 
recording and analysing the data with an acceptable runtime 
performance and in achieving an accurate and reliable detec-
tion of the peaks and troughs of the ICP curve.

The sheer amount of data involved requires an automated, 
computational analysis of ICP waveforms, which raises 
problems of accuracy, reliability and actually defining the 
ICP wave. This can be achieved by defining each individual 
ICP wave as one between the start point of the first wave and 
the start point of the second wave, and so on, so that the start 
point becomes the defining factor for the ICP wave and start- 
point identification accuracy the benchmark for computa-
tional analysis.

In physiological signals we are usually confronted with a 
lot of artefacts and having to cut through this noise, espe-
cially when dealing with inconsistent waveform morphology 
has been a rather common problem in waveform analysis 
[14]. In our data we tried to conquer these difficulties by 
linking the wave analysis of different vital parameters, spe-
cifically ICP and ECG, to each other.

 Materials and Methods

 Dataset

To establish an extensive dataset and allow for subsequent 
clinical substudies the monitoring data of all patients in our 
ICU that underwent ICP monitoring based care within a cer-
tain period of time were recorded on a Dell Workstation, 
Xeon W-2133, 32GB RAM external server.

The recording system registered not only the numerical 
values but also the respective waveforms of these biodata 
such as ICP and other vital parameters.

Patients included were those who had suffered brain 
injury severe enough that their further clinical management 
required ICP monitoring and justified invasive recording. 
ICP monitoring was done via invasive probe, often incorpo-
rated into a ventricular drainage catheter. The other vital 
parameters comprised electrocardiogram (ECG), pulsoxym-
etry, arterial blood pressure (ABP), mean arterial blood pres-
sure (MAP), temperature and details of the ventilation 
parameters such as positive end-expiratory pressure (PEEP) 
and peak ventilating pressure. Furthermore, details of medi-
cation and applicational therapies were also recorded for 
future analysis.

The only other inclusion criteria besides brain injury 
severe enough to require ICP monitoring-based care 
according to the usual standards [5, 15] was age between 
18 and 99  years. Exclusion criteria were accompanying 
intracranial infections during the monitoring period. 
Monitoring usually concluded only after either the patient 
could be referred to another department or died due to the 
severity of the illness. Informed consent was obtained 
from all patients included in the study either by themselves 
or by their legal representatives. After recording, the data 
were anonymised for further analysis. The study was 
approved by the ethical commission board of the University 
of Witten/Herdecke.

In the period from 27 January 2017 until 22 March 2019 
we were able to obtain datasets from 55 patients via continu-
ous monitoring over a period of at least 37 h up to 12 days. 
ECG was recorded at a frequency of 200 Hz, ICP and ABP at 
a frequency of 100 Hz.

 Algorithm Design

To actually define and recognise the peaks and troughs in 
physiological signals such as the ICP wave, we resorted first 
to the modified Scholkmann algorithm (further referred to as 
AR[SA]), which detects peaks and troughs by scale analysis 
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and which has been described by Bishop et al. [16]. However, 
we still faced the problem of having to deal with a high level 
of artefacts in our clinical biodata (see graph below).

To solve that problem, we developed a further modifica-
tion of the modified Scholkmann algorithm, which analyses 
not only the ICP waveform itself but also the ICP waveform 
linked to the ECG.  Henceforth this algorithm will be 
referred to as AR[ECG]. AR[ECG] applies feature extrac-
tion by multi-scale wavelet transform to the analysis of the 
ICP curve. Wavelet transform has already been applied suc-
cessfully in the analysis of ECG waves [17] and has been 
shown to outperform other ECG analysing algorithms [18]. 
For AR[ECG] we specifically used the Daubechies wavelet 
filter [19]. It was designed based on the following strategy.

In a first step, it identified the R wave of the ECG, distin-
guishing it from movement artefacts by wavelet transform. 
In a second step, the modified Scholkmann algorithm 
AR[SA] was applied to the ICP curve to identify all of its 
peaks and mark specifically the first peak of the ICP wave 
after each R wave of the ECG. Thirdly, the peak of the R 
wave of the ECG and the peak of the ICP curve that directly 
follows that R wave were used to define the time interval in 
which the corresponding trough as the start point of each ICP 
wave could possibly be found. Lastly, the derivative of that 
interval of the ICP curve was used to calculate its peak val-
ues and consequently also the minimum of the ICP curve 
which represents the start point.

This start point could then be used to define the beginning 
and end of each ICP wave, so that the ICP curve could then 
be divided into its individual waves. The start point of the 
individual waves was then set to zero on the y-axis, and each 
ICP wave was depicted consecutively in a three-dimensional 
diagram, with the z-axis representing time (Fig. 1).

 Study Design

This new algorithm design now needed to be compared to 
the modified Scholkmann algorithm with regard to artefact 
resistance and proven, if possible, to at least not be signifi-
cantly inferior. Since the single most distorting influence on 
an algorithm that is ECG based should be cardiac arrhyth-
mia, we specifically wanted to analyse the performance of 
AR[ECG] in arrhythmic patients and sought a suitable subset 
in our patient cohort.

Because of the location of Herdecke Community Hospital, 
the main reason for referral to our ICU within the field of 
neurosurgery is non-TBI, especially due to ICH and SAH. In 
patients with SAH, cardiac arrhythmia is known to be rather 
common [20], so we decided to run our analysis first on 
patients who had suffered SAH.

In the analysis we compared start-point identification 
accuracy of the ECG-linked algorithm AR[ECG] to the mod-
ified Scholkmann algorithm AR[SA] in rhythmic patients 
first. Then we applied the same algorithms to the monitoring 
data of patients with cardiac arrhythmia. In both scenarios 
start-point identification accuracy was then compared to the 
manual start-point markings of a proficient physician as a 
point of reference.

 Results

To estimate whether we could achieve any useful results with 
this strategy, we piloted the analysis of start-point identifica-
tion accuracy on five rhythmic and four arrhythmic patients 
for 1 min. The results showed a sensitivity of 1.0 for both 
AR[SA] and AR[ECG] and a positive predictive value of 
0.85 for AR[SA] and 0.99 for AR[ECG] in the five rhythmic 
patients. However, in the four patients with cardiac arrhyth-
mia, sensitivity was 1.0 again for both AR[SA] and AR[ECG], 
but the positive predictive value was 0.9 for AR[SA] and 
0.97 for AR[ECG].

These results supported the further analysis of our total 
cohort of patients who had suffered SAH. This subset con-
sisted of 19 patients in total, 7 of which developed cardiac 
arrhythmia with an arrhythmic R wave, such as extra systoles 
or atrial fibrillation, within the first 48 h. Smaller changes in 
the ECG, such as lengthening of the QT time or amplitude 
changes of the Q wave that did not affect the R wave, were not 
taken into account to class a patient as arrhythmic. In each of 
these patients, we selected a representative period of 10 min 
on the second day of monitoring around 1:30  am middle 
european time (MET), when there was normally no manipu-
lation by nurses or doctors on the patient, for the analysis.

ECG

ICP

1

2

3 ICP-wave

Tim
e

Fig. 1 By means of wavelet transform the algorithm AR[ECG] detects 
only those peaks of the ICP wave that directly follow the R wave of the 
ECG
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In this second trial we again compared start-point identi-
fication accuracy in rhythmic patients first, which now 
showed a sensitivity of 95.14% for AR[SA] and 99.99% for 
AR[ECG], with a positive predictive value of 98.30% for 
AR[SA] and 99.76% for AR[ECG]. Overall error rates were 
1.95 for AR[SA] and 0.49 for AR[ECG].

In patients with cardiac arrhythmia, sensitivity was 
98.05% for AR[SA] and 99.73% for AR[ECG], with a posi-
tive predictive value of 100% for AR[SA] and 99.78% for 
AR[ECG].

Overall error rates were 7.03 for AR[SA] and 0.25 for 
AR[ECG] (Fig. 2).

 Conclusion

Not only has AR[ECG] proven to be not inferior to AR[SA], 
but it has actually shown higher sensitivity, higher positive 
predictive value and lower overall error rates in rhythmic 
patients. In patients with cardiac arrhythmia, the positive 
predictive value of AR[ECG] was slightly lower than that of 
AR[SA], while the sensitivity of AR[ECG] was still higher 
than that of AR[SA], and the overall error rate of AR[ECG] 
was lower than that of AR[SA]. AR[ECG] is thus suitable for 
analysis in cases of more complex or irregular vital parame-
ters. With these possibilities of accurate start-point detection 

Fig. 2 Top graph shows AR[SA] (a), bottom graph shows AR[ECG] 
(b). The arrows mark those peaks of the ICP wave that are falsely 
identified as start points of an ICP wave by AR[SA]. The comparison 

illustrates how much more accurate AR[ECG] is for start-point 
detection and resistance to artefacts, even if vital parameters are 
irregular
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we can now receive reliable ICP diagrams with three- 
dimensional, time-dependent visualization of long-term 
changes in ICP-wave morphology (Fig. 3).

 Discussion

Artefact resistance in signal processing is not a problem 
unique to physiological signals or ICP curves, which is why 
the previously discussed diverse strategies were created to 
counteract this problem [21]. Yet for waveform analysis of 
the ICP curve it represents a crucial issue since the ICP curve 
is often overlaid with a lot of noise due to its changing wave-
form morphology and its reactivity to other vital 
parameters.

This study reflects the performance of an ECG-dependent 
algorithm on actual biodata. Many of the algorithm designs 
that we found and considered to apply to our dataset had 
been developed on synthetized waveforms [16, 21]. When 
applied to our biodata, the algorithm AR[ECG], whose 
design is specifically intertwined with the ECG, proved to be 
significantly more resistant to artefacts than the algorithm 
AR[SA], even in cases when it could be most perturbed, such 
as with cardiac arrhythmia.

Cardiac arrhythmia, on the other hand, is a common and 
relevant problem in patients who have suffered SAH.  In 
some studies, up to 90–100% of all patients with SAH devel-
oped some form of cardiac arrhythmia during the first 48 h 
[22, 23]. Cardiac arrhythmia is also a relevant issue in 
patients with other structural brain lesions [24], so an algo-
rithm that can filter through the additional artefacts created 
by cardiac arrhythmia would be very useful in clinical 
application.

Altogether this study will allow for further in-depth inves-
tigation of the clinical implications and prognostic value of 
the ICP waveform in our dataset.
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 Introduction

As a closed box, the skull provides protection to the brain, 
the blood vessels and cerebrospinal fluid (CSF) against 
external damage, such as falls and accidents. According to 
the Monro-Kellie doctrine, these components occupy a con-
stant volume, and any change in the volume of one of them 
will require changes in the other two. TBI, brain tumour, 
subarachnoid haemorrhage and space-occupying lesions [1–
4] are acute brain lesions that can cause recurrent phenom-
ena with increased intracranial pressure (ICP), designated as 
plateau waves. The ICP signal consists of the sum of the CSF 
pressure component with the vasogenic component related to 
the continuous fluctuations observed in cerebral blood vol-
ume (CBV) [5]. On the other hand, cerebral perfusion pres-
sure (CPP) is the difference between the inflow and the 
outflow pressures that are represented by mean arterial blood 
pressure (ABP) and ICP, respectively (Eq. 1) [6]:

 CPP ABP ICP� �  (1)

Abnormal tissue growth, difficulty in CSF absorption and 
the accumulation of liquid in the interstitial and intracellular 
spaces are some causes that may increase the volume inside 
the skull, a decrease in brain compliance and, therefore, an 
increase in ICP. Described for the first time in 1950 as ‘sud-
den rises in ICP’ by Lundberg, plateau waves, A waves or 
Lundberg A waves are typically characterised by an increase 
in ICP above 40 mmHg for a minimum period of 5 min [7].

Plateau waves appear in patients with preserved autoregu-
lation and a low cerebrospinal compensatory reserve. Such 
phenomena are triggered by a vasodilation cascade loop and 
can end naturally or in response to a treatment to activate the 
vasoconstriction mechanism, since it will decrease the 
amount of blood present in the brain. These events are char-
acterised by a rise in ICP above 40 mmHg, for a minimal 
period of 5 min, along with a decrease in CPP, whereas the 
ABP signal remains almost constant during the occurrence.

In addition to the aforementioned signals, there is an 
important index of cerebrovascular pressure reactivity (PRx), 
calculated as the correlation coefficient between CPP and 
ICP, and the value provides information about the cerebro-
vascular reactivity status. In this regard, a value that is nega-
tive or below 0.2 indicates the presence of a normal 
cerebrovascular autoregulation (CAR), while a value that is 
positive and above 0.2 implies an impaired CAR [8].

In 2012, a study conducted by Oliveira et al. [9] showed 
that TBI incidence in the European Union was 235 in 100,000 
individuals. Thus, the correct diagnosis and continuous mul-
timodal monitoring can improve patients’ health, since it 
may avoid the development of undesirable outcomes, namely 
secondary brain injuries, via the administration of the most 
adequate treatment to the patient. In this regard, the need 
arose for a tool that could detect automatically plateau waves 
to improve diagnosis. To address this need, the present study 
consists in the development of an algorithm to automatically 
detect plateau waves. As a first goal, it should be imple-
mented on data already collected from patients.

This algorithm is more helpful if used with online data, as 
a software plugin used in neurocritical care units (NCCUs) 
for multimodal monitoring. With this, the data would be col-
lected in real time and simultaneously provided to the algo-
rithm to detect plateau waves, and that information could be 
used as a feedback for physicians. Thus, the purpose of this 
study consists in the creation of a tool that can facilitate the 
detection of plateau waves in order to allow a faster  diagnosis 
by a physician about the state of the cerebral autoregulation 
mechanism of patients.
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 Materials and Methods

 Available Data

The study was developed in partnership with the NCCU of 
Centro Hospitalar São João (CSHJ), which is responsible for 
providing anonymously the data that were used to create the 
algorithm. This NCCU uses ICM+ software to display all 
signals collected from patients in real time and simultane-
ously. It consists of software developed by the Clinical 
Neurosciences Department of the University of Cambridge 
[10]. ICM+ allows multimodal monitoring, which is impor-
tant for monitoring patients, detecting physiological events 
and adjusting treatments.

Each ICM+ data file contains several signals, namely ICP, 
CPP, ABP, and some computed variables, such as PRx. In 
addition, there is a variable containing the date and time of 
the signal collection as the number of days combined with 
the number of seconds elapsed since 31 December 1899. In 
ICM+, each file was exported as a csv file, which was 
imported in MATLAB so that the data could be used to 
develop the algorithm. However, only the key variables for 
the mentioned goal were imported.

 Plateau Wave Definition

Figure 1 shows the typical delineation of a plateau wave. In 
normal conditions, ICP values vary between 0 and 15 mmHg. 
Therefore, the mean of ICP in the 30 min before the occur-
rence of the wave is designated as the pre-wave baseline, 

defined by the 1–2 interval. However, the presence of a stim-
ulus can change the stationarity of ICP, and the signal varies 
from 20 to 40 mmHg, which is represented by the 2–3 inter-
val. ICP values above 40  mmHg define the plateau phase 
(3–4 interval). At the end, the signal reverts to the baseline 
values with oscillations between 40 and 20 mmHg, as shown 
in the 4–5 interval. Thus, the mean of ICP in the first 30 min 
after the episode correspond to the first post-wave baseline 
(5–6 interval), and along with the second 30 min it composes 
the 60-min post-wave baseline (5–7 interval).

Along with the rise in ICP, variations in other signals can 
be monitored to conclude the final diagnosis, namely the 
decrease observed in the CPP signal. This change occurs to 
compensate the oscillations in ICP, since the sum of these 
two latter signals equals the ABP value (Eq. 2). Thus, a pla-
teau wave can be defined by an increase in ICP and ABP 
values which are nearly constant during the occurrence:

 ABP ICP CPP� �  (2)

 Development of Algorithm for Plateau Wave 
Detection

The purpose of the development of the algorithm for plateau 
wave detection was focused on the creation of an extra and 
helpful tool to easily and automatically identify the presence 
of plateau waves in a patient file. Thus, this is a binary prob-
lem where the instances associated with the presence of 
waves were labelled 1 and the remaining instances 0.

To achieve the objective, the algorithm was designed 
based on the plateau wave definition given in the previous 

1 2 3 4 5 6 7
30 min 30 min 30 min

ICP = 40

ICP = 20

Fig. 1 Plateau wave delineation. ICP values below 20 mmHg before 
the occurrence of the wave define the baseline of the signal, as can be 
observed in 1–2, 5–6 and 6–7 intervals. The mean of ICP in the 30 min 
before the wave defines the pre-wave baseline (1–2 interval), whereas 
the first 30 min after the event composes the first post-wave baseline 
(5–6 interval), which combined with the second 30  min defines the 

60 min post-wave baseline (5–7 interval). The changes in the stationar-
ity of the ICP signal are characterised by oscillations in signal between 
20 and 40 mmHg with an exponential behaviour in the 2–3 interval and 
a slower variation in the 4–5 interval. Finally, the plateau phase is 
defined by ICP values above 40  mmHg, as observed in the 3–4 
interval
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section. Therefore, all data instances were analysed and 
those with an ICP value above 40 mmHg were considered 
potential plateau waves. In addition, this variation must 
occur in at least two subsequent instances. The final classifi-
cation as plateau wave was assigned if each set of instances 
considered a potential plateau wave had an ABP standard 
deviation lower than 10% of the mean of the total ABP sig-
nals, since, according to Eq. (2), the ABP should remained 
constant during the occurrence of the event.

Although the proposed algorithm could be an extra tool 
facilitating the identification of events by clinical staff, this 
algorithm would never invalidate the diagnosis made by phy-
sicians. Thus, the plateau waves identified should be used as 
guidance for the final diagnosis.

 Results

For event detection, one patient data file was imported in 
MATLAB and the ICP and ABP signals were used to com-
pute the final classification of all instances. The dashed lines 
in Fig. 2a correspond to a physician’s classification, which 
was manually performed through the visualisation of ICP, 
ABP and PRx signals in ICM+. These lines determine the 
beginning of the many plateau waves present in this patient’s 
data file. The white dashed lines correspond to all plateau 
waves correctly identified by the algorithm, whereas the pink 
dashed line shows the unique incorrectly classified plateau 

wave. The green dashed lines represent false plateau waves, 
i.e. instances that could be classified as plateau waves since 
they seem to meet both requirements, but the algorithm has 
not assigned a label of 1 to them (Fig. 2b), as expected. Thus, 
although those instances show an ICP value above 40 mmHg, 
the variation in the ABP signal is higher than 10% of the 
mean of all ABP signals.

Algorithm detection is shown in Fig.  2b (blue lines). 
Although the two panels are not completely aligned because 
of the scales used, a deeper analysis focused on comparing 
both sets of instances labelled 1, as shown in Table 1.

The data presented in Table 1 show that some episodes 
present a difference of seconds in the beginning of the detec-
tion, which is due to the data available to the algorithm. 
However, the similarity of time instances indicates that the 
algorithm may exhibit good performance for the proposed 
goal of the present study.

 Discussion

Regarding Table 1, it is possible to assert that most of the 
plateau waves identified by the physician were also detected 
by the algorithm, although the timing does not match per-
fectly. Only one plateau wave was identified by the physician 
and the algorithm at the exact same time. The difference of 
seconds observed in the remaining episodes is due to the data 
export in ICM+, since only one instance per minute is 
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Fig. 2 (top) Event identification in ICM+ by a physician, with real 
plateau waves represented as white dashed lines. The pink dashed line 
corresponds to a plateau wave incorrectly detected by the algorithm, 

while the green dashed lines identify false plateau waves. (bottom) 
Representation of plateau waves identified by second version of the 
algorithm
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exported instead of each time instance. Therefore, the pla-
teau wave detection performed by the algorithm begins at the 
first instance that meets both conditions defined, and it may 
result in a later detection than the actual occurrence esti-
mated by the physician in ICM+. In this regard, it is impor-
tant to note the similarity in the date and time of each event, 
which shows that the algorithm performs the best detection 
possible according to the available data.

The plateau wave identified as PW4 shows that several 
waves were identified while the physician detected only 
one. The reason associated with the identification of these 
multiple events relies on the fluctuations in ICP signal 
between 30 and 40 mmHg. Since the definition of the pla-
teau wave in the algorithm requires an ICP value above 
40  mmHg, any instance with a lower value results in a 
non-detection or interrupts the detection of the event, 
even if it happens between two instances with an ICP 
value higher than 40 mmHg. To overcome this problem, 
an additional step can be implemented in the code to 

ensure that these oscillations are classified as a unique 
episode instead of multiple waves.

The plateau wave denominated as PW5 consists of an 
event incorrectly classified as a plateau wave by the algo-
rithm, because, clinically, it seems to be a unique episode of 
long duration. Thus, it is more correct to affirm that PW5 is 
associated with PW6, since it resulted from a one-off increase 
in ICP, and it can indicate that a plateau wave will happen 
soon, rather than the classification of an actual event. Along 
with ICP and ABP, the PRx coefficient can be added to 
improve the algorithm and to avoid the presence of misclas-
sified instances as PW5, since PRx quantifies the cerebrovas-
cular reactivity status to pressure.

The physician noticed two false plateau waves that were 
not classified by the algorithm. The set of instances contains 
an ICP value above 40 mmHg; however, the ABP variation is 
higher than 10% of the mean ABP, which underscores the 
good performance of the developed tool.

The results obtained showed that most of the events were 
detected correctly. The pink dashed line represents plateau 
waves incorrectly classified by the algorithm. Although those 
instances present ICP values above 40 mmHg, the physician 
considered that the variation observed in ABP during that 
potential plateau wave was higher than 10% of the mean of 
all ABP signals. Therefore, this misclassification could have 
resulted from the fact that the variation is compared against 
the mean value calculated for the entire signal, which can be 
biased by higher and lower ABP values. In this regard, a 
small window of ABP signal can be used to compare the 
variation during that period.

The false plateau waves (green dashed lines) consist of 
instances that seem to meet the conditions of the algorithm, 
namely those associated with ICP values. However, the vari-
ation in ABP is higher than the ABP variation observed dur-
ing a plateau wave, and for that reason the algorithm did not 
detect them as plateau waves as well as the physician did.

To conclude, the results show that the proposed algorithm 
can be used as an extra, helpful tool to facilitate the detection 
of plateau waves since most events are correctly identified. 
In addition, false plateau waves are properly analysed and 
classified by the algorithm, which shows its robustness. 
Despite the misclassification of some instances as plateau 
waves, the algorithm would never invalidate the diagnosis 
made by a physician, and the misclassifications can be solved 
by the implementation of an additional step in the code. A 
deeper analysis of the results shows that the date and time of 
the beginning of plateau waves did not match in most of the 
events, which is due to the data extracted from ICM+ that 
contain minute-by-minute instances.

In this regard, as future work, the PRx coefficient can be 
implemented in the algorithm to avoid the detection of false 
plateau waves since PRx consists in the correlation between 
ICP and ABP and, thus, the effect that ABP variations have 

Table 1 Comparison of date and time of each plateau wave identified 
by physician in ICM+ and algorithm
Number ofplateau 
wave

Physician 
identification

Algorithm 
detection

PW1
05/03/2017 23:05:51

05/03/2017 
23:06:01

PW 2 06/03/2017 00:50:01 06/03/2017 
00:51:01

PW 3 06/03/2017 15:41:01 06/03/2017 
15:42:00

PW 4 07/03/2017 09:18:01 07/03/2017 
09:19:00

07/03/2017 
09:27:01

07/03/2017 
09:29:01

PW 5 Not detected 08/03/2017 
09:39:24

PW 6 08/03/2017 09:45:24 08/03/2017 
09:46:24

PW 7 08/03/2017 13:35:24 08/03/2017 
13:35:24

PW 8 09/03/2017 00:18:38 09/03/2017 
00:19:38

PW 9 09/03/2017 00:53:05 09/03/2017 
00:52:00

PW 10 09/03/2017 22:47:07 09/03/2017 
22:44:00

PW 11 10/03/2017 04:18:33 10/03/2017 
04:18:07

PW 12 14/03/2017 22:11:16 14/03/2017 
22:10:38

PW 13 21/03/2017 06:54:18 21/03/2017 
06:54:00
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on ICP. Moreover, an additional step can also merge the mul-
tiple plateau waves as a unique event if they really reflect a 
single episode. This would increase the robustness of the 
algorithm, improving its performance and confidence in its 
use in a hospital environment, specifically in NCCUs.

 Conclusion

The developed algorithm detects plateau waves automati-
cally. Such events may result from a rise in ICP above 
40 mmHg and a standard deviation of the ABP signal below 
10% of the mean ABP signal. Because of the data structure 
available to the algorithm, although the time involved in phy-
sician and algorithm detection is not equal, the time of the 
first instance of each plateau wave classified by the algorithm 
can be considered correct. The algorithm can be used as an 
extra tool to facilitate and expedite the detection of plateau 
waves in offline patient data, without invalidating a physi-
cian’s diagnosis. It can then be implemented subsequently as 
a software plugin to provide real-time feedback on the pres-
ence of these events in patients admitted to NCCUs.
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 Introduction

Over the past 15 years, ICM+ [1–3] (https://icmplus.neuro-
surg.cam.ac.uk) has become a widely used tool for the col-
lection, integration, and real-time processing of physiological 
data from patient bedside monitors. Multiple secondary met-
rics have been developed, e.g. cerebrovascular reactivity 
indices, relying on the inbuilt calculation engine from ICM+, 
which offers a range of general statistical and specialised 
functions to use in fully user-configurable analysis [2, 4–7]. 
However, there is growing interest in more advanced, custom 
calculations. This is driven to a large extent by the appear-
ance of publicly available, high-resolution, physiological 
datasets, like Collaborative European NeuroTrauma 
Effectiveness Research in Traumatic Brain Injury (CENTER- 
TBI) [8] (https://www.center-tbi.eu), and by widespread 
understanding in the neurocritical care community of the 
need and importance for in-depth interrogation of 
information- rich clinical datasets. Furthermore, a new gen-
eration of clinical researchers is becoming much more famil-

iar and comfortable with scripting languages and popular 
environments, e.g. Python, R, and MATLAB. In particular, 
Python is a simple-syntax, high-level interpreted program-
ming language with numerous libraries available (https://
www.python.org). For many years, there was a possibility of 
extending the ICM+ function list with custom functions, but 
that required writing and compiling low-level code into 
Microsoft Windows dynamic-link libraries (DLL), which is 
not trivial and necessitates a full programming environment, 
like Visual C++. The objective of this project was to develop 
a user-friendly interface in ICM+ that would provide a sim-
ple way of adding Python scripting functionality to the ICM+ 
calculation engine, thus exponentially expanding its capa-
bilities for the clinical researcher.

 Materials and Methods

 Python Plugin for ICM+

The solution involves creating a plugin that works as a gate-
way (middleman) between ICM+ and Python scripts. Apart 
from this plugin, users willing to utilise Python functions in 
ICM+ will need to have the Python environment installed on 
their machine. Depending on whether custom Python func-
tions which are to be used in ICM+ demand additional 
Python libraries, like NumPy (https://numpy.org) or SciPy 
(https://www.scipy.org) for scientific computing in Python, 
such libraries must also be included in the Python environ-
ment. Currently, only 32-bit release variants of Python are 
supported. This may change, however, once a 64-bit version 
of ICM+ is released.

Although the user may install a Python environment with 
all the necessary components independently, to ease the 
installation process, we provide a special installer which can 
be directly downloaded from the ICM+ website. The installer 
will first install the Python environment (version 3.x) with 
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the Pip3 package manager. Next, up-to-date versions of 
Numpy, SciPy, and StatTools packages will be installed via 
Pip3. Since some commonly used statistical functions from 
SciPy require the Microsoft Visual C++ redistributable pack-
age (not to be confused with Microsoft Visual Studio inte-
grated development environment), it will also be installed by 
the provided installer. Finally, this installer will need to place 
the Python plugin library file for ICM+ in the correct folder 
location, completing the environment required to use Python 
functions in ICM+.

The new ICM+ Python plugin scans the Python plugin 
folder and imports into ICM+ all the available Python scripts 
that have an associated eponymous configuration file in XML 
format. All the other files are ignored by the plugin; thus, they 
can be used to hold other functions imported and used inter-
nally inside the Python scripts. All Python functions success-
fully imported into ICM+ are available under their own names 
preceded by a ‘Py’ prefix to differentiate them from the native 
functions. Apart from that, there is no difference in the use of 
those functions, native or Python-powered.

 Facilitating Creation of Custom Python 
Functions for ICM+

To facilitate the creation of custom Python functions for 
ICM+, we provide within the new versions of ICM+ (8.6 and 
newer) a tool which generates a complete XML configura-
tion file and a skeleton/template of a Python code file accord-
ing to the user’s specifications (Fig. 1). This tool allows users 
to provide a name and a description to their new function, 
which will appear in ICM+, and to specify on how many 
input variables the function operates (Fig. 1a). Users can also 
parametrise the function by an arbitrary number of options. 
There are four types of options: logical, categorical, integer, 
and numerical. (1) A logical option can only assume two val-
ues and is depicted in the user interface as a checkbox which 
can be ticked or unticked. (2) A categorical option can have 
one value from a custom set of labels. (3 and 4) Both integer 
and numerical options accept number values. An integer- 
type option is limited to integer values, whereas a numerical- 
type option can also assume decimal values. Users will have 
to specify available labels for categorical-type options 
(Fig.  1b) as well as minimal and maximal values for both 
integer- and numerical-type options. Note that it is possible 
to specify default values for all types of options.

All the information provided in the dialog window for 
defining the custom Python function will be exported to an 
XML configuration file which describes this function to 
ICM+ (Fig. 1c). Further, a skeleton of Python script will be 
created with dynamically generated comments advising 
about the number of input signals passed by ICM+ and the 
names of the available options (Fig. 1d). Users will need to 

include their own code inside the calculate method and 
import external modules, if required (Fig.  1e). The set_
parameter function is part of the ICM+/Python interface; 
therefore, it should not be modified or deleted. It is respon-
sible for initialising at the Python side options previously set 
by an end user in ICM+ and passing sampling frequency of 
input signals. If some custom code for initialisation and 
finalisation is needed, it can be added to the so-called con-
structor (__init__) and destructor (__del__), respectively. In 
the vast majority of cases, however, this will not be needed. 
The calculate method will be invoked by ICM+ repeatedly 
for each new data frame. Once initialised, the options remain 
set; however, each occurrence of the same Python function in 
the analysis calculation profile can have its own options 
selected independently.

 Dealing with Missing Data

Generally, missing data points (NaN values) might be prob-
lematic. If an external function does not handle them prop-
erly, the result of calculations might be erroneous or, in 
extreme cases, the function could even result in the crash of 
the ICM+ calculation engine. To relieve the Python function 
developer from an obligation to deal with NaN values from 
the Python side, we offer a few streamlined ways to handle 
missing data from the ICM+ side.

A Missing data treatment option is included in all avail-
able Python functions. It tells ICM+ what should be done (if 
anything) with NaN values before passing a data frame to a 
given Python function. In the current version of the Python 
plugin, there are four possible actions: ignore, replace by 
mean, delete, and return no value (NaN) (Fig. 2). The ignore 
action means that data frames will not be checked for the 
presence of NaN values and will be passed unchanged to a 
Python function. In this scenario, it is expected that the 
Python function will not be affected by NaN values or that it 
will already have implemented some procedure for dealing 
with them. The delete action indicates that all NaN values in 
the data frame will be excluded. This will shorten the data 
frame and may introduce discontinuities. In the current ver-
sion of the Python plugin, the delete action is the default one. 
The replace by mean action replaces all missing data points 
by a mean value obtained from remaining valid data points in 
the data frame. The return no value (NaN) action is the most 
restrictive. If it is selected, then NaN value will be returned 
immediately without passing any data to the Python function 
whenever the data frame contains at least one missing data 
point. It should be mentioned that in the case of functions 
operating on more than one input signal, the actions replace 
by mean and delete alter all inputs that are arguments of the 
current function call, when at least one input has missing 
data points.
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Fig. 1 Facilitating creation of custom Python functions for ICM+, 
illustrated by the example of Theil–Sen regression estimator. (a) ICM+ 
tool which allows users to characterise their new function. (b) Definition 
of a custom option associated with new function. (c) Generated XML 

configuration file. (d) Created skeleton of Python script with dynami-
cally generated comments advising about number of input signals and 
names of available options. (e) Custom code which needs to be added 
manually
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 Assessing Performance

To assess the performance of the Python extension, we first 
selected four native ICM+ basic functions (mean, median, 
standard deviation, and max) and implemented their Python 
counterparts returning the same output. Then, we compared 
the execution times of two batches of calculations—one with 
ICM+ functions only and one with Python functions only—
performed on datasets from 20 patients, totalling 95 days of 
high-resolution data chosen randomly from the CENTER- 
TBI cohort. All the input data were resampled to 200 Hz (in 
the first calculation step, the Virtual Signals stage) and the 
calculation window was set to 60 s with no overlap.

 Results

 Example of a Python Function Extension 
for ICM+

Figure 1 refers to an example of a Python function that fits 
the regression line using the Theil–Sen estimator [9]. Unlike 
the common least-squares approach, the Theil–Sen regres-
sion estimator is a robust method against outliers. The pre-
sented ICM + -compatible implementation of the function is 
parametrised by two custom options: onlySignif (logical 
type) and outParam (categorical type). If the onlySignif 

option is ticked, it forces the function to return results only 
when the effect in the regression is significant. The outParam 
option allows selecting which regression line parameter 
should be returned: the slope or intercept.

Figure 3 shows how the implemented Python function can 
be used for calculations in ICM+. Each ICM+-compatible 
Python function can be configured in the same fashion as 
other ICM+ functions (Fig. 3a). The function options avail-
able in the user interface correspond to the function specifi-
cation presented in Fig.  1. Additionally, there is also the 
missing data treatment option that instructs ICM+ how miss-
ing data should be dealt with. For the presented Theil–Sen 
linear regression example, the delete action is the most 
appropriate. Upon function configuration, the proper for-
mula appears in the analysis configuration window (Fig. 3b). 
In this example, the function is used twice with two different 
values of the outParam option in order to return the slope and 
intercept of the regression line. Figure 3c shows an illustra-
tive result of calculations defined in Fig. 3b using an example 
file from CENTER-TBI datasets. Time trends shown are 
fragmentary because the onlySignif option was ticked.

 Performance

On average, Python functions were 15–60% slower than the 
inbuilt ICM+ functions. For the set of basic functions 
selected for this benchmark, the processing time of 24-h-long 

Fig. 2 Four simple strategies for handling missing data points (NaN values) on ICM+ side, before passing a data frame to a given Python 
function
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Fig. 3 Employing a custom Python function in ICM+. (a) Formula 
configuration with function options configuration window providing an 
interface to select and parametrise the function. (b) Analysis configura-

tion dialog window showing two variables (slope_ABP_ICP and int_
ABP_ICP) which are to be calculated via the Python function. (c) An 
illustrative result of calculations defined in (b)
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blocks of single input data increased from 16.4–18.5 to 
19.0–29.8  s, after the native ICM+ functions were substi-
tuted by their Python counterparts. This increase in execu-
tion time is a more-than-adequate trade-off for empowering 
the modern clinical researcher with the unlimited analytical 
freedom that Python scripts can bring to ICM+ calculations.

 Discussion

The Python extension works very efficiently, and any user 
with some degree of experience in scripting can use it to 
enrich the capabilities of ICM+. End users do not even have 
to realise whether a function they want to use is a native 
ICM+ function or written in Python. Moreover, extensive 
libraries available to Python users open vast new horizons to 
ICM+ users. For those who work predominantly with Python 
and those who would like to learn this high-level language, 
ICM+ provides a tailor-made platform for managing physi-
ological time series and for real-time application of custom 
Python scripts on data streamed from bedside patients’ 
monitors.

So far, the new interface for importing Python functions 
into ICM+ has some limitations. The modern interface does 
not support intellectual property protection, unlike the previ-
ous plugin interface based on DLLs, which does so in two 
particular ways. First, within the previous plugin interface, 
the end user only requires a compiled DLL file, which is then 
imported by ICM+. Hence, the original source code does not 
have to be disseminated. There are possibilities to disassem-
ble a DLL; however, reverse engineering is generally chal-
lenging in this context, particularly if the DLL was generated 
by C or C++ compilers, which generate machine code 
directly. Second, the previous interface allows custom licenc-
ing of third-party plugins. That is, the end user may be 
obliged to obtain an individual licence key to activate the 
plugin limitlessly or for a specified period. The new interface 
for importing Python functions into ICM+ does not have the 
aforementioned licensing support. Also, users who want to 
release their Python functions for ICM+ are expected to pro-
vide their original Python code. Nevertheless, users may 
apply some techniques to obfuscate the code on their own.

The Python plugin can work with an arbitrary version of 
the Python environment for ICM+. It is not possible, how-
ever, to use at the same time Python functions which require 

two different versions of the Python environment, e.g. 3.x 
and 2.7. Users who want to release their Python functions for 
ICM+ are encouraged to make them compatible with Python 
3, as official maintenance for Python 2 is slated to end in 
2020.

Disclosure M.M.P. was supported by the European Union Seventh 
Framework Programme (grant 602150) for Collaborative European 
NeuroTrauma Effectiveness Research in Traumatic Brain Injury 
(CENTER-TBI). P.S. receives part of the licensing fees for the 
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 Introduction

Intracranial pressure (ICP) is a commonly monitored brain- 
specific parameter in neurocritical care. Despite its wide-
spread use, aspects related to its genesis and factors 
contributing to the final waveform remain unsettled. 
Therefore, it is of interest to mimic clinical ICP signals in 
order to obtain an improved understanding of the ICP wave-
form and origin.

Several types of modelling can be used in an attempt to 
mimic clinical ICP; this study made use of a physical head 
model. The minimal level of complexity of the model needed 
to reach the final goal is unknown. For this reason, a simple 
physical head model was constructed as the first step towards 
mimicking clinical ICP, whose micro-patterns contain P1, 
P2, and P3 peaks.

 Materials and Methods

The simple physical head phantom (Fig.  1) consisted of a 
skull, a brain tissue substitute, and a pressure-generating bal-
loon. The skull was segmented from a computed tomography 
(CT) scan of a human head that was remodelled into a three- 
dimensional (3D) structure. During the reconstruction, the 
spine, jaw, and non-homogeneous crooked underpart on the 

skull were removed. This model was modified to contain a 
holder for an ultrasound transducer and premade burr holes 
at Kocher’s point bilaterally. Natural openings in the skull 
were closed and eyes were blinded such that structures sup-
porting the eyes did not cover for the ultrasound visibility of 
the pressure sensors. Lastly, the skull was modelled as a tri-
partite construction and 3D-printed in either polylactic acid 
or acrylonitrile butadiene styrene with polycarbonate 
additives.

The cavity of the skull was filled with a brain tissue mim-
icking material and a balloon that served as a pressure- 
increasing device used to induce pressure in the enclosed 
skull by controlled volume changes. The brain tissue substi-
tute consisted of 2% w/v agar, 1.2% w/v silica dioxide, 25% 
v/v evaporated milk, alcohol, and water [1–4]. Evaporated 
milk was full-cream milk (3.5% fat, 3.4% protein) condensed 
to 50% of its volume.

The volume of the balloon inside the brain tissue substi-
tute was controlled by two different pressure generators, 
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representing the first two generators of our physical model. 
Both generators were constructed of water-filled tubes with 
two balloons at each end: one mimicking the heart, another 
mimicking the blood supply within the brain (Fig. 2). The 
latter balloon was placed inside the brain tissue substitute, 
while the heart-mimicking balloon was placed outside the 
skull. A heart beat was imitated by quickly compressing the 
heart- mimicking balloon by hand.

Using the first pressure generator (Fig.  2a) the water 
moved towards the blood-supplying balloon and would 
instantaneously expand the balloon followed by a rapid vol-
ume reduction as the water would move back towards the 
heart-mimicking balloon again. A rapid sequential increase 
and decrease in intracranial pressure was expected. For 
improved imitation of clinical ICP, a second-generation pres-
sure generator was developed. The second pressure genera-
tor incorporated internal resistance more closely related to 
human anatomy. The internal resistance imposed by water 
was forced through a smaller tube on its way back to the 
heart-mimicking balloon by use of one-way valves (Fig. 2b). 
In contrast to pressure generator 1, the heart-mimicking bal-
loon was therefore slowly filled with water.

Multiple experiments were conducted to validate the use-
fulness of the physical head model and to obtain a better 
understanding of the generation of the ICP waveform, 
thereby reaching the goal of mimicking clinical ICP. The dif-
ferences between the first and second pressure generator 
were investigated. The pressure was manually applied by 
single and continuous compressing of the heart-mimicking 
balloon. Single applied pressure refers to one isolated com-
pression of the heart-mimicking balloon, whereas continu-

ously applied pressure refers to repeated compressions of the 
heart-mimicking balloon within a small time window (sev-
eral heart beats). The relationship between the measured 
pressure during pressure application and the associated tis-
sue displacement around the pressure sensor was explored 
using diagnostic ultrasound.

 Results

Analysis of the measured ICP demonstrated the usefulness 
of the constructed physical head model. The pressure wave-
form did not resemble the clinical ICP waveform; however, 
comparisons of the pressure waveform obtained with pres-
sure generators 1 and 2 showed that the first produced a pres-
sure with a rapid rise followed by small oscillations that 
debilitate around baseline (Fig.  3). The use of the second 
pressure generator with internal resistance showed the pres-
ence of two peaks.

The analysis of the speckle images measured with diag-
nostic ultrasound during pressure application enabled visual-
ization of tissue displacement around the pressure sensor. A 
comparison with the measured ICP signals revealed that the 
tissue was displaced at the first peak, but smaller pressure 
patterns were not distinct in the ultrasound displacement 
images.

 Discussion

Accurate modelling of ICP in a physical head model would 
allow for potentially interesting modifications to mimic dif-
ferent disease entities and function as an inspiration for sub-
sequent clinical studies. Our results showed clear 
improvements due to progression from the first to the second 
pressure generator. The pressure generated with pressure 
generator 1 had one peak followed by rapid small oscilla-
tions that weakened around the baseline. Applying the sec-
ond pressure generator, having incorporated internal 
resistance, improved our model as this generated two pres-
sure peaks as part of the pressure waveform.

The experiment setup is still far from being comparable to 
a patient, for various reasons. For instance, the brain tissue 
substitute consists of a biodegradable substance (i.e. evapo-
rated milk) whose physical properties change over time. 
Although kept under refrigeration to slow down material 
degradation, it must be taken into account that 75  days 
elapsed between the first and last experiment. The elasticity 
of both balloons and water-filled tubes used to build the pres-
sure generators also changes over time. As a result, a larger 
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Fig. 2 Illustrations of (a) pressure generator 1 and (b) pressure genera-
tor 2, which were constructed of water-filled tubes and two balloons. 
Pressure generator 2 contains internal resistance introduced by a smaller 
tube and one-way valves and a switch. Arrows indicate flow direction
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expansion would influence the applied pressure by a rise in 
ICP. It must also be further noted that all experiments were 
carried out with the head in an upside-down position to 
ensure full contact between the tissue substitute and the pres-
sure sensor, making it difficult to compare measured pres-
sure values with those found in the literature. Thus, upright 
positioning of the physical head phantom together with fur-
ther investigations in elasticity properties are to be 
considered.

In addition to the foregoing points, the complex brain 
consists of multiple anatomical compartments such as the 
spinal cord, ventricles, meninges, eyes, arterial tree, and so 
forth. The incorporation of these would help construct a 
more realistic head phantom. Spine phantoms could be 
3D-printed using rubber-like material for the spinal cord, 
platinum-core silicone gel for the intervertebral disc, poly-
mide for the intervertebral disc, and gelatin for the soft tis-
sue [5]. The inclusion of the ventricles would make it 
possible to differentiate between ICP measurements at 
parenchymal and ventricular depths. The cerebrospinal fluid 
(CSF) within the ventricles could be mimicked using water. 
Pulsation in the meninges is also thought to influence 

ICP. Earlier researchers tried to mimic the dura mater using 
mixtures of silk cocoons [1], silicone, gelatine, collagen, 
and polymer sheets [5]. However, although the shape of the 
skull was thought at the beginning to be a potential factor 
influencing the resulting ICP, we believe that most influenc-
ing waveform factors giving rise to the three distinctive 
peaks have a vascular origin. Therefore, the next model will 
go one step backwards, using a box as a skull, and instead 
focus on the incorporation of the aforementioned anatomi-
cal compartments. This includes the addition of an arterial 
tree and a constant pressure generator. While a simple arte-
rial tree could be constructed using various blood-supplying 
balloons, tubes, or similar expandable/compressible materi-
als in various shapes and sizes, the pressure generator 
requires the same force to be applied at every mimicked 
heartbeat.

Regarding tissue displacement, it was possible to identify 
the high-pressure peaks, whereas minor peaks were not dis-
tinct. Increased ultrasound frame rate and improved spatial 
resolution might allow for this. Furthermore, it is likely that 
with higher-amplitude pressure peaks (closer to the clinical 
ICP) these smaller peaks might become visually distinct.
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Fig. 3 Measured ICP during pressure application generated by pres-
sure generator 1 (left column) or 2 (right column). Both single applied 
pressure (top) and continuously applied pressure (bottom) are shown. 

All pressure data were obtained within the same physical model in a 
180° elevation from the supine position and measured at room 
temperature
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 Conclusion

This study presented the first steps towards mimicking clini-
cal ICP in a physical head phantom model. The model needs 
refinement and further testing to resemble the clinically 
obtained ICP. Future improvements will first and foremost 
focus on placing the skull in the clinically relevant upright 
positioning and includomg ventricles and a spine.
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 Introduction

Recent years have seen a boost in the development of inno-
vative technologies, including virtual (VR) and augmented 
reality (AR). Once a vision of the future, these technologies 
are currently sufficiently advanced to be implemented in a 
variety of industries and disciplines, including medical prac-
tice and, more specifically, surgery. The main challenge in 
developing an AR solution for surgical use is to combine the 
required technical development in order to achieve maximal 
accuracy with attention to end-user requirements.

The Surgical Augmented Reality Assistance (SARA) proj-
ect took shape through the interaction between a group of 
people with relevant expertise who are interested in the 
potential of this novel technology and clinicians (end users) 
expressing a clear clinical need. The project aims to investi-
gate the feasibility of AR for preoperative planning, intraop-
erative visualisation and navigational support and assess its 
potential impact on surgical training. Clinical validation of 
technical solutions is a crucial step in assessing the real- 
world accuracy and usefulness of the AR holographic infor-
mation provided to surgeons.

Other research groups have reported on small, single- 
surgeon trials in which the Microsoft HoloLens was used to 

plan or perform neurosurgical procedures [1, 2]. In these 
reports, generic open-source software for three-dimensional 
(3D) model creation and visualisation was used, which is 
typically not adapted for intuitive use by unfamiliar end 
users. Registration of the hologram to the patient was per-
formed using manual positioning in 3D space and relying on 
the head-mounted display’s (HMD) built-in simultaneous 
localisation and mapping (SLAM) algorithm for stability. 
Although it demonstrates the potential of AR for neurosurgi-
cal procedures, this approach provides insufficient accuracy. 
We previously reported on a proof of concept using red- 
green- blue (RGB) camera tracking instead of the built-in 
SLAM algorithm [3]. Although this method provided good 
navigational accuracy in our setup (1.41 ± 0.89 mm), use of 
the RGB camera in everyday surgical practice is hindered by 
several practical limitations, such as the narrow field of view, 
the necessity to create new operative hardware and a gener-
ally lower reliability when it comes to tracking instruments.

The aim of our project, targeted at Microsoft’s HoloLens, 
is to address these shortcomings by developing a custom-
ised software solution for hologram creation, planning and 
visualisation that is continuous between the planning sta-
tion and the AR device, as well as a proprietary application 
for inside- out infrared (IR) tracking and semi-automated 
hologram-to- patient registration, optimising both the accu-
racy and stability of the hologram relative to the physical 
world. Validation of the AR solution is provided through 
preclinical and clinical testing, focused on intracranial 
drain placement.

Intracranial drain placement is a frequent procedure that 
is used not only for patients with intracranial hypertension 
(ICH) but, more recently, also for intracranial haemorrhage 
(chronic subdural haematoma (CSDH) or intraparenchymal 
haemorrhage (IPH)) [4, 5]. The placement of an intracranial 
drain is most often performed freehand, following inspection 
and sometimes planning on computed tomography (CT) 
images of the patient. Additionally, literature-defined land-
marks that are not patient-specific are used. Although it is an 
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oft-performed procedure, it has been demonstrated that opti-
mal placement is only achieved in 60–80% of cases [5–7]. 
Having a 3D representation of relevant patient anatomy, 
along with planned trajectories or approaches, shown to the 
surgeon on top of the real-life patient, has the potential to 
vastly improve on these accuracy results.

 Materials and Methods

 Hardware and Software

The HoloLens, developed by Microsoft Corporation, was 
chosen as the development platform. It combines an unob-
structed HMD with an integrated untethered computer and a 
multitude of sensors. Using accelerometers, gyroscopes and 
an inside-out tracking system, the real world around it can be 
registered and the position of the device itself, and thus of the 
wearer’s head, can be tracked. Knowing the position and ori-
entation of the user’s head, it is possible to transform the 
displayed data into an appropriate position, rotation and 
scale which give the data an illusion of depth and pose. The 
HoloLens can interpret the real world around it and adjust its 
projected visuals accordingly, allowing for AR creation. The 
combination of the ability to triangulate positions in 3D 
space through tracking and an augmented display of visual 
information makes it suitable for the development of a surgi-
cal navigation platform.

 Preclinical and Clinical Validation

Both phantom and patient trials for neurosurgical drain 
placement received ethical approval and are currently 
being performed at UZ Brussel. For the phantom trial a 
3D-printed head and skullcap are created, along with agar-
casted hemispheres and a silicone skin substitute. The 
phantom is scanned, after which a 3D model with eight 
virtual drain trajectories is created, which is displayed dur-
ing the procedure. Drain placement is performed under IR 
tracking by surgeons of varying expertise levels, after 
which the performed placements are compared to the 
planned trajectories.

For the patient trial a clinical pilot study was initiated for 
patients requiring neurosurgical drain placement, comparing 
current practice to AR guidance. After a CT scan, a 3D model 
is created using the image processing pipeline. Minimal 
invasive drain placement in the cerebrospinal fluid (CSF) 
space (ventricle) or haematoma (for CSDH and IPH) is then 
performed in standard fashion, but with the aid of a 3D 

model of the patient and the specific compartment to be tar-
geted displayed on top of the patient. To allow the surgeons 
to become accustomed to the HMD, the 3D model was dis-
played floating next to the patient in the first few cases to 
serve as a simple 3D visualisation.

 Results

 HoloLens Software Solution

Our consortium designed a HoloLens solution with proprie-
tary hardware and software adaptations to optimise the HMD 
specifically for neurosurgical navigation. For this, a compre-
hensive pipeline was created allowing for the transformation 
of Digital Imaging and Communications in Medicine 
(DICOM) images into a 3D model containing multiple lay-
ers/objects, which can then be transferred to and displayed 
on the Microsoft HoloLens. Through sequential automated 
and semi-automated algorithms and additional software opti-
misation we are currently able to create valid 3D models of 
patients and display them on the HoloLens as anatomical 
overlays with several interaction functionalities in less than 
30  min (Fig.  1). Because this sequence can be performed 
during the time of the CT scan, patient transfers and the 
operative installation and preparation, little to no additional 
time is required for the surgeon.

 Remote Planning Station
The planning station has a customised user interface (UI), 
which takes the surgeon through the DICOM segmentation 
and 3D model creation in a stepwise manner. The UI is based 
on a sequence of semi-automated planning algorithms that 
run in the background, while maintaining a straightforward 
and organised foreground. The planning sequence guides the 
surgeon through the segmentation, layer by layer, after which 
the surgeon can verify and adjust even the slightest inaccu-
racy during every step of the process. The algorithms run in 
a semi-automated fashion, requiring a minimal amount of 
interactions for the creation of a valid 3D model, while 
simultaneously collecting several 3D landmark coordinates. 
In the second stage of the workflow, these landmarks will be 
used for the automation of both the procedure planning and 
patient registration. Following validation and confirmation 
of the entire 3D model by the surgeon, it is exported as a set 
of Wavefront OBJ files along with an Extensible Markup 
Language (XML) file that contains the essential patient data 
and the collected coordinates.

The complete planning and DICOM segmentation pro-
cedure took 5–10 min on average. The average duration per 
layer of interactions required from the surgeon is displayed 
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in Table 1. For each of the three pathologies, skin, skull and 
ventricles were segmented, with an additional segmenta-
tion of the haemorrhage for the IPH and CSDH.  This 
resulted in an average duration of 1.18  min for ICH, 
3.98 min for IPH and 9.18 min for CSDH. The duration of 
the automated processes, such as the planning of trajecto-
ries which uses specific 3D coordinates collected during 
the segmentation phase, was not considered since their 
speed relied solely on the CPU capacities of the used plan-
ning station. In general, they never took longer than an 
additional minute.

 Data Transfer to Device
The patient model, composed of multiple OBJ files and an 
XML file, is transferred to the HoloLens, which reads the 
OBJ files and reconstructs them as a single, multi-layered 3D 
model. This model is displayed for verification, along with 
the patient data retrieved from the XML file. The latter also 
contains several coordinates which are used for both the 
instant recreation of previously planned trajectories and the 
hologram-to-patient registration. After the surgeon confirms 
the correct identity of the patient, the software proceeds to 
tracking and registration.

 HoloLens Functionalities and User Interface
Infrared Tracking
The initial RGB-tracked solution, created in our proof of 
concept [3], was replaced by an IR-based tracking system 
(Fig. 2a) to meet surgical requirements in terms of accuracy, 
field of view and practical application of the trackers without 
the need to create additional hardware. As such, a lightweight 
framework (adapted from [8, 9]) for the detection and track-
ing of surgical instruments (stylus and reference star) based 
on the integrated IR camera was developed (Fig. 2c). This 
was tested through post hoc analysis of three videos, recorded 
with the IR camera, simulating different movements and 
relative poses of the instruments (Fig. 2b). The instrument 
pose can be determined by iteratively solving the perspective- 
n- point problem between each instrument’s model and the 
corresponding detections per frame [10]. Two methods of 
determining correspondence between the instruments’ IR 
markers and the detections are used: if correspondence is 
unknown, an exhaustive search is performed to try and estab-
lish correspondence; however, if a recent correspondence is 
known, the current correspondence can be quickly re- 
established through a Hungarian algorithm method [11].

Run-time performance of the IR tracking algorithm was 
approximately 15 frames per second (FPS) on the HMD; 
however, since processing was offloaded from the main 
application thread, the application visuals could render at the 
recommended 60 FPS. During the post hoc video analysis, 
mean instrument detection latency over all video sequences 
using an exhaustive search was 122 ms, while the Hungarian- 
based method could be performed with a latency of 66 ms 
(Table 2). For the Hungarian-based method, tracking success 
for the world stable reference star was at 99.2% of all frames 
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Intuitive UI

Virtual
trajectory,

craniotomy,...

Fig. 1 Image processing pipeline: from left to right we laid out all key steps needed to go from a DICOM image to a 3D anatomical overlay as 
fast and efficiently as possible. Underneath an example of the resulting multi-layered hologram is shown before and after registration to the patient

Table 1 Average duration of interactions for planning and DICOM 
segmentation per layer

Layer
Skin
(n = 20)

Skull
(n = 20)

Ventricles
(n = 20)

Haemorrhage
IPH 
(n = 10)

CSDH 
(n = 10)

Average 
duration 
(min)

0.00 0.00 1.18 2.80 8.00

Augmented Reality-Assisted Neurosurgical Drain Placement (ARANED): Technical Note



270

(Table 3). Similarly, the stylus, which was free to move in 
world space, could be tracked in 92.7% of frames without 
detection prediction, and 93.6% with. There existed a per-
ceived shift between the tracked instrument and its aug-
mented projection of approximately 1  cm. Since their 
correspondence relative to one another appeared correctly, 
this shift is assumed to result from the HMD’s visualisation 
engine failing to account for the transform between the 

Sensor Extrinsic
Transform

Sensor Intrinsic
Transform

IR Image Captured

Instrument Model

IR Marker
Detector

Correspondence Finder

Exhaustive
search

Hungarian
Alforithm

Pose Solver

a b

c

Fig. 2 Inside-out IR tracking on an AR-HMD: (a) surgeon wearing 
HoloLens using instruments that are tracked through reflective orbs; (b) 
tracked image from IR camera, on which pose and orientation of instru-
ments (3D axes) are defined through recognition of reflective orbs 

(numbered crosshairs); (c) lightweight framework for real-time detec-
tion and tracking of instrumentation using integrated IR camera of 
HMD

Table 2 Per-frame run-time latency
Correspondence search method Latency (ms)
Exhaustive search for both instruments 122.9

Hungarian search for both instruments 66.2

Table 3 Overall binned instrument tracking results [# frames per 
tracking outcome]

Hungarian 
parameter

Last known 
location

Last known location 
and prediction

Stylus Reference Stylus Reference
Successful 
exhaustive search

14 5 10 5

Successful 
Hungarian search

1155 1301 1168 1302

Recovered 
Hungarian search

4 2 7 2

Detection failed 81 5 70 4

Not enough points 
for detection

100 41 100 41
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 displays and the user’s eyes. However, this could be 
accounted for through display-eye calibration [12].

Hologram-to-Patient Registration
The advanced registration feature uses the automated recog-
nition of both the IR-tracked pointer and reference star. The 
software guides the user to indicate the previously defined 
landmarks with the pointer on the patient in order to match 
the virtual model with its corresponding anatomy. After veri-
fication of the accuracy, the reference star, connected to the 
patient’s head in a fixed position, is used to establish a coor-
dinate system as an anchor for accurate and stable hologram 
registration and visualisation (Fig. 1), even when the patient 
is covered with surgical drapes. Henceforth, the hologram’s 
position is continuously tracked and adjusted to assure the 
multi-layered patient model remains in its true anatomical 
location.

User Interface
The proprietary HoloLens UI allows the user to intuitively 
interact with the virtual model using voice and gesture com-
mands, as well as the IR-tracked tools. The surgeon can 
choose to display only certain structures, cycle through dif-
ferent anatomical layers, adjust predetermined trajectories 
and apply several advanced planning functions whenever 
necessary. An example of the latter is virtual craniotomy: 
using the tracked pointer, the surgeon can create a virtual 
opening in the skull around an indicated point through which 
(s)he can inspect the cortex and vasculature directly under-
neath. This allows the visualisation of the direct approach to 
any deep-seated structures or anomalies. By only displaying 
the AR view through the craniotomy window, the impression 
of an opening in the skull is created. Other surgical equip-
ment, such as drills, can be tracked as well by mounting IR 
trackers directly on the instrument. The proportions of these 
instruments can be calibrated using the reference star. 
Through this type of instrument tracking, the system can not 
only estimate the surgical phase the surgeon is in, optimising 
its provided support, but it can also improve the accuracy and 
safety of the tracked instrument’s use. When drilling a hole 
in the skull, for example, the optimal entry point and drilling 
angle, as well as the depth of the drill bit, can be indicated. 
This can prevent unnecessary reiterations and damage to the 
cortex directly underneath.

 Preclinical and Clinical Validation

The first tests of AR-assisted intracranial drain placement on 
a phantom head using IR tracking (Fig.  3a, b) were per-
formed and compared to their respective planned trajectories 
(Fig. 3c). The comparisons, however, showed mixed results 

due to line-of-sight issues with the tracked reference 
(Fig.  3d). This was recently improved by implementing a 
correction for possible occlusion during IR tracking. The 
accuracy of the results of newly performed phantom drain 
placements using IR tracking with occlusion correction will 
be reported on shortly.

In the patient trial, the first three intracranial drain place-
ments with a simple 3D visualisation next to the patient were 
performed. The simple 3D visual aid, however, turned out to 
be distracting and overinformed the surgeon, causing mis-
takes in an otherwise easy procedure. All three procedures 
demonstrated misplaced drains, of which two were corrected 
per procedure and one required a second intervention. This 
conflict between customary guidelines and the 3D guidance 
did not appear in preliminary cases where the model was reg-
istered to the patient’s anatomy (providing the surgeon with 
the impression of “see-through vision”) (Fig. 1). We there-
fore committed to an exact anatomical overlay of the virtual 
3D model with the real-life patient. Preliminary accuracy 
results of these drain placements will be reported on shortly.

 Discussion

Rethinking the definition of surgical navigation using new 
technologies above all requires a uniform and straightfor-
ward UI that helps rather than challenges the surgeon 
throughout both planning and procedure. The customised, 
semi-automated planning station guides the user through the 
entire planning sequence in such a way that it can be per-
formed without expertise in image segmentation. The step- 
by- step sequence supports verification and adjustments 
during every step of the process, providing the surgeon with 
an additional quality control of the entire model and preop-
erative planning. This procedure takes less than 10 minutes 
and is capable of accurately defining CSDHs with minimal 
input from the surgeon. Efficient, semi-automated segmenta-
tion of CSDHs is a unique feature that, to the best of our 
knowledge, has not been reported on previously.

Anticipating surgical implementation, the switch from 
RGB to IR tracking was essential. When solely focusing on 
its technical capabilities, the IR sensor already has three 
important advantages over the devices’ colour sensor: first of 
all it allows robust identification of surgical instruments from 
the environment; second, its field of view of 120° is nearly 
three times that of the RGB sensor, considerably improving 
overall tracking performance; and third, its orientation is 
down-turned towards the wearer’s hands, where one would 
expect an instrument to be held. What truly sets apart the IR 
from the RGB tracking, however, is the ability to integrate 
and track existing surgical equipment, supporting both pre-
operative and intraoperative tracking with high accuracy. We 
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previously demonstrated in our proof of concept a naviga-
tional accuracy approaching that of current navigation sys-
tems [3]. With the newly developed solution, using 
continuous IR tracking, a higher reliability can be achieved. 

To the best of our knowledge, this is the first reported dem-
onstration of a real-time, inside-out IR tracking workflow 
used on an AR-HMD for the establishment of a stable coor-
dinate system and medical instrument tracking.

15

5

5

–5

AP (m
m)

–5

–5

5

LR (m
m

)

SI (mm)

a b

c d

Fig. 3 Phantom trial setup: (a) 3D-printed phantom with agar-casted 
hemispheres on IR-tracked base; (b) AR-assisted drain placement; (c) 
comparison of performed placements (white) to planned trajectories 

(blue); (d) placed drain tip deviation plotted on 3D (x,y,z) graph (SI 
superior-inferior, LR left-right, AP anterior-posterior)

F. Van Gestel et al.
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Preclinical and clinical trials are being performed at UZ 
Brussel. The first tests of both showed mixed results due to 
technical constraints, which have now been resolved. The 
results of newly performed drain placements, in both phan-
toms and patients, will be reported on shortly. The study by 
Li et al. [2], however, already demonstrated the potential of 
AR guidance for intracranial drain placement, despite the 
use of RGB tracking, improving their mean target deviation 
from 11.26 ± 4.83 mm in the control group to 4.34 ± 1.63 mm 
in the AR-guided group. So far, no publication has investi-
gated the benefits of inside-out IR tracking on an AR-HMD 
as a navigation tool for intracranial drain placement.

 Conclusion

The AR solution presented here provides a fully integrated 
and completely mobile navigation setup, allowing its use for 
everyday procedures that are frequently performed without 
imaging guidance but could still benefit from navigational 
support, such as intracranial drain placements. The solution 
offers a quick and intuitive image processing pipeline and 
requires little additional time and effort from the surgeons. 
The system’s real-time, inside-out IR tracking supports 
mobility while maintaining accuracy. With a focus on both 
optimal accuracy and an intuitive end-user experience and 
simultaneous clinical validation, this AR solution has the 
potential to vastly improve the accuracy results of intracra-
nial drain placement procedures.
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 Introduction

Individualising cerebral perfusion pressure (CPP) is a major 
issue after traumatic brain injury (TBI) patients. Monitoring 
cerebral autoregulation (CA) using the pressure reactivity 
index (PRx) has been suggested as a tool for identifying indi-
vidual dynamic targets of CPP. This is because the PRx/CPP 
relationship over time describes a U-shaped curve, with its 
nadir identifying a CPP value at which CA is best preserved 
(CPPopt). Moreover, values of CPP corresponding to a cer-
tain threshold of PRx above which CA is impaired identify 
the lower (LLR) and upper limit of reactivity. Large retro-
spective studies [1, 2] have shown that patients managed 
with CPP close to CPPopt had better outcomes, suggesting 
CPPopt as a suitable individualised CPP target. The first pro-
spective randomised controlled trial assessing the feasibility 
and safety of managing patients according to CPPopt is cur-
rently ongoing (COGiTATE) [3]. However, CPPopt describes 
the centre of the CA range and does not provide information 
about the behaviour of the whole range of autoregulation in 
terms of width and stability. The range might be very narrow, 
making CPPopt a desired target, or very large, in which case 
keeping CPP above LLR could possibibly be sufficient, 
without needing to push for a high CPP to reach CPPopt and 

making it possible to concentrate on other clinical issues of 
the patient. The range might vary in the same patient accord-
ing to the progression of the disease. In fact, a strong correla-
tion with mortality was shown when CPP was below LLR 
derived with PRx [4]. This confirms that PRx statistically 
agrees with autoregulation, suggesting once more its added 
value in TBI patients’ management. However, the reliability 
of the method when applied to individual cases deserves to 
be studied in greater details, before making it possible to use 
it as a tool at the bedside prospectively.

The objective of this project was to establish on an indi-
vidual basis how curve fit–derived LLR (dynamic autoregu-
lation) compares with the experimentally determined real 
lower limit of autoregulation (LLA-static autoregulation).

 Methods

We present a retrospective analysis of intracranial pressure 
(ICP), arterial blood pressure (ABP) and laser Doppler flow 
(LDF) signals recorded in nine piglets (at 200 Hz) undergo-
ing controlled, terminal hypotension (Fig. 1). Details about 
the experimental setting are described in a previously pub-
lished manuscript by Brady et  al. [5] and here are briefly 
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mentioned. The data were collected and analysed with ICM+ 
software (https://icmplus.neurosurg.cam.ac.uk/). Ventilator- 
imposed positive end-expiratory pressure (PEEP) waves 
(5–10 cm H2O, sine-wave pattern, period 60 s) increased the 
variability in ABP, facilitating the brain vascular reactivity 
monitoring [5]. Only sections of the recordings with stable 
experimental conditions where a clear breakpoint of LDF/
CPP characteristic (LLA) could be identified, using piece-
wise linear regression, were studied (Fig. 2). The behaviour 
of PRx in the PRx/CPP plots (LLR defined by breakpoint) 
and in the PRx/CPP error bar chart (LLR defined as CPP at 
PRx 0.3) was examined (Fig. 2).

 Results

Over the nine experiments, one was excluded because of 
the bad quality of the signals in the period with a monoto-
nous decrease of CPP. In the remaining eight experiments, 
the following pattern was observed (Fig. 2): when CPP had 
a monotonous decrease, the relationship PRx/CPP showed 
two breakpoints (LLR_1  >  LLR_2); LLA was between 
them; LLR (CPP at PRx 0.3  in the error bar chart) was 
close to LLR_2. In Table 1 the values of LLA, LLR, LLR_1 
and LLR_2 are shown for each experiment.

 Discussion

When CPP has a monotonous decrease, the pressure reactiv-
ity starts worsening (PRx starts to increase) before CPP 
crosses the LLA, a point marked LLR_1 in Fig. 2. A further 
decrease in CPP below the LLA would cause a decrease in 
CBF, even if the pressure reactivity is not completely lost, 
which happens at point LLR_2 in Fig. 2. This pattern sug-
gests two important features that should be taken into account 
and investigated when PRx is used to detect LLA continu-
ously and when fixed thresholds for PRx are used for this 
purpose.

First of all, our results highlight the difference between 
dynamic and static autoregulation. Static autoregulation is 
the mechanism that describes the regulation of cerebral 
blood flow, which cannot be kept constant below LLA, and is 
explored with a continuous monotonous decrease in 
CPP. Such a decrease in CPP cannot be used in TBI patients, 
given their fragility. Therefore, dynamic autoregulation is 
used instead. Oscillations in the diameter of the vessels, 
which happen continuously in the range of the slow waves 
(0.005–0.05 Hz), are considered the autoregulatory response 
to changes in CPP.  The oscillations are transmitted to the 
ICP.  These slow wave variations are assessed by PRx to 
probe the mechanism of dynamic autoregulation, which is 
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Fig. 1 Example of section with monotonous decrease in CPP. LDF, 
ABP and ICP were monitored at 200 Hz. The data were cleaned and 
down-sampled at 0.1 Hz (as presented in the picture). CPP was calcu-
lated as ABP-ICP. PRx was calculated as moving coefficient correlation 
between slow changes in ABP and in ICP. After hypotension is induced, 

LDF is constant until CPP crosses LLA. When CPP decreases below 
LLA, LDF decreases and PRx increases. LDF laser Doppler flow, ABP 
arterial blood pressure, ICP intracranial pressure, CPP cerebral perfu-
sion pressure, PRx pressure reactivity index
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pressure related, as opposed to static autoregulation, which is 
flow related. A preserved pressure reactivity is related to a 
preserved flow regulation, but it is not the same.

Second, the PRx/CPP plot shows an interesting behaviour 
compared to the LDF/CPP plot in our study. In fact, while 
the LDF/CPP relationship shows only one clear breakpoint, 
identifying LLA, the PRx/CPP plot shows two breakpoints. 
When the relationship between PRx and CPP is explored in 
a boxplot, the LLR is defined by a threshold. None of these 
values corresponds to LLA (Fig. 2), but they could possibly 
describe different features of the same phenomenon. The 
first breakpoint in the PRx/CPP plot (LLR_1) identifies the 
CPP at which the pressure reactivity switches from a good 
autoregulation to a status of lost autoregulation. At this point, 
though, flow regulation is still maintained, showing that 
other mechanisms are working. The second PRx/CPP break-
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Fig. 2 Difference between static (flow) and dynamic (pressure and 
volume) assessment of lower limit of autoregulation. The relationships 
between flow and CPP (top chart) and between PRx and CPP (middle 
chart) are shown and compared to the error bar chart PRx/CPP. LDF 

laser Doppler flow, PRx pressure reactivity index, CPP cerebral perfu-
sion pressure. Note that because of the CPP binning process in the error 
bar chart and its U-shaped curve fit, the exact location of LLR_1 and 
LLR_2 are impossible to ascertain from this presentation

Table 1 Values of studied variables are reported

N
LLA 
(mmHg)

LLR 
(mmHg)

LLR_1 
(mmHg)

LLR_2 
(mmHg)

1 38 29 40 28

2 35 34 42 28

3 20 19 36 16

4 29 20 34 10

5 30 22 35 20

6 26 28 35 22

7 38 25 49 30

8 32 21 35 20

9 NA NA NA NA

LLA LDF-based lower limit of autoregulation, LLR CPP at PRx = 0.3 in 
error bar plot PRx/CPP, LLR_1 CPP at first breakpoint in PRx/CPP 
scatterplot, at which PRx starts worsening, LLR-2 CPP at second break-
point in PRx/CPP scatterplot, at which PRx reaches worse status
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point is at a lower CPP when compared to LLA. This sug-
gests that for a certain range of CPP (between LLA and 
LLR_2), vessel reactivity is still partially conserved but not 
sufficient to ensure flow regulation. Using transcranial 
Doppler (TCD), Varsos et al. had suggested a second break-
point of the autoregulatory curve, below the classical LLA, 
as a point when diastolic ABP reaches the critical closing 
pressure (CrCP). At this point the diastolic closing margin 
(diastolic ABP—CrCP) equals 0, and below it, the pressure 
passivity of CBF versus CPP accelerates and ischemic 
changes occur faster [6]. Whether LLR_2 is associated with 
the diastolic closing margin being equal to 0 remains to be 
demonstrated. These features also need to be further investi-
gated for assessing PRx reliability (and the correct interpre-
tation) in identifying the LLA in a continuous fashion in 
individual patients.
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 Introduction

The increase in intracranial pressure (ICP) amplitude along 
with increases in mean ICP is a well-known feature of ICP 
physiology and has been explained by increased pulse wave 
transmission due to an increase in intracranial rigidity [1]. A 
pulse wave is the most characteristic repetitive component of 
the ICP signal. There is strong interest in the evaluation of 
the pulse amplitude (AMP) of ICP as well as the slope of the 
AMP-ICP curve to explain the dynamic aspects of normal 
pressure hydrocephalus (NPH).

In simplification, the amplitude of ICP can be considered 
a result of the difference between arterial inflow and venous 
outflow phase-shifted in time. It was thought that determin-
ing the pulse-pressure relationship (PPR) and the shape of 
pressure volume curve would allow for continuous monitor-
ing of intracranial elasticity and that it may reflect the status 
of ICP better than the mean value of ICP [2]. However, 
changes in the PPR slope were observed to occur rapidly 
from 1 h to another without any appreciable change in the 
patient’s condition [2].

 Materials and Methods

 Animals and Experimental Paradigms

The experiments were conducted in accordance with the 
rules provided by the UK Animals Scientific Procedures Act, 
under a UK Home Office licence and with permission from 
the Institutional Animal Care and Use Committee at 
Cambridge University.

We retrospectively analysed the experimental material 
collected under a wide range of conditions affecting cerebro-
vascular tone and ICP.  Data from 29 anaesthetised New 
Zealand white rabbits (weighing from 2.7 to 3.7  kg) were 
collected, including recordings of arterial blood pressure 
(ABP), ICP, and basilar artery cerebral blood flow velocity 
(CBFV). All details about the animal preparation and experi-
mental protocols have been described elsewhere [3, 4]. 
CBFV was monitored by an 8-MHz Doppler ultrasound 
probe (PcDop 842, SciMed, Bristol, UK) positioned over the 
basilar artery. A catheter placed in the femoral artery was 
used for ABP recording (GaelTec, Dunvegan, UK) and for 
regular sample collection for blood gas analysis.
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In all rabbits, under various conditions of ABP and arte-
rial carbon dioxide tension (PaCO2), ICP was increased by 
infusion of Hartmann’s solution into the lumbar  subarachnoid 
space with an infusion rate from 0.1 to 0.2 mL/min (n = 43).

Arterial hypotension (n = 19) was induced by intravenous 
administration of the short-termautonomic ganglia blocker 
trimetaphan (0.5 mg/kg).

Changes in PaCO2 (n = 17) were achieved by decreasing 
or increasing the respiratory tidal volume to obtain hypocap-
nia or hypercapnia, respectively.

We investigated whether the slope of the AMP–ICP line 
depended on PaCO2 and ABP changes.

 Data Acquisition and Analysis

The signals were analysed using ICM+ software (Cambridge 
Enterprise, Cambridge, UK, http://www.neurosurg.cam.
ac.uk/icmplus/).

Raw signals were digitised using a 12-bit analogue–digi-
tal converter (DT 2814, Data Translation, Marlboro, MA) 
and sampled at a frequency of 50 Hz. Fundamental ampli-
tudes of CBFV and ABP pulse waveforms were calculated 
using spectral analysis (the discrete Fourier transforms per-
formed for 20-s-long data segments). The heart rate was cal-
culated by finding a frequency of the spectral peak associated 
with the first harmonic of ABP. Mean values of ABP, ICP, 
CBFV and CPP were calculated in ICM+ by averaging val-
ues in a moving 10-s time window.

Pulse amplitude was expressed as a fundamental har-
monic of ICP pulse waveform using spectral analysis within 
the range of the rabbit’s heart rate 150–400 bpm. The AMP- 
ICP line was determined using linear regression. The points 

above the lower breakpoint of AMP-ICP were taken into 
account, where the AMP starts to rise with increasing ICP 
(Fig. 1).

 Statistical Analysis

Statistica data analysis software (StatSoft, Inc., Tulsa, OK, 
USA) was used to perform the statistical analysis. To 
determine whether the data were normally distributed, the 
Shapiro–Wilk test was used. The hypothesis of normality 
was rejected for most of the analysed parameters, so the 
non- parametric Wilcoxon signed-rank test was used to 
examine the significance of a difference in analysed vari-
ables between baseline and plateau phases of the infusion 
test. Spearman correlation was used to determine the rela-
tionship between the slope of the AMP-ICP and arterial 
wall tension (WT). The significance level of all tests was 
set at 0.05

 Results

The physiological variables in a total group of animals at 
three different levels of PaCO2 and two levels of ICP are pre-
sented in Table 1 and at two different levels of ABP and ICP 
in Table 2.

We found a linear correlation between AMP and ICP with 
positive slope having a mean value of 0.043 with a standard 
deviation of 0.022. Regression of slope against mean ABP 
shows negative dependence with a correlation coefficient 
equal to R = −0.35, p = 0.02 (Fig. 2a). In contrast, the rela-
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Table 1 Median values (25th–75th percentiles) of measured variables at baseline and during plateau phase of ICP elevation for three different 
levels of PaCO2: hypo-, normo- and hypercapnia

PaCO2

Hypocapnia
25.50 mmHg
(23.00–28.00 mmHg)

Normocapnia
35.00 mmHg
(34.00–36.00 mmHg)

Hypercapnia
45.45 mmHg
(41.00–48.00 mmHg)

ICP Baseline Plateau p-Value Baseline Plateau p-Value Baseline Plateau p-Value
CBFV
(cm/s)

17.12
(10.93–22.26)

11.59
(10.57–17.77) 0.004

18.76
(13.57–22.10)

13.49
(11.40–16.76) <0.001

23.50
(15.84–27.00)

20.79
(16.23–25.76)

0.285

ABP
(mmHg)

81.73
(75.47–95.27)

84.21
(69.74–92.07)

0.657 96.27
(81.50–103.10)

91.46
(80.71–104.90)

0.136 103.80
(102.20–107.10)

103.70
(100.80–107.10)

0.508

ICP
(mmHg)

6.96
(5.58–11.65)

29.16
(17.09–36.40)

0.003 7.28
(5.06–11.40)

30.46
(26.39–35.81)

<0.001 11.47
(8.75–14.66)

34.44
(27.11–45.10)

0.005

CPP
(mmHg)

75.42
(67.09–86.36)

51.97
(48.92–65.18)

0.003 86.27
(72.23–99.54)

62.47
(49.04–69.12)

<0.001 92.55
(89.59–102.10)

69.23
(60.09–74.84)

0.005

Table 2 Median values (25th–75th percentile) of measured variables at baseline and during plateau phase of ICP elevation for two different levels 
of ABP: normal pressure and arterial hypotension

ABP
Normal pressure
97.01 mmHg (81.50–105.00)

Arterial hypotension
46.84 mmHg (44.81–55.24)

ICP Baseline Plateau p-Value Baseline Plateau p-Value
CBFV
(cm/s)

19.21
(13.97–25.77)

14.31
(11.46–21.64) <0.001

10.46
(9.58–11.33)

10.70
(8.74–12.73)

0.594

ABP
(mmHg)

97.01
(81.50–105.00)

97.14
(82.51–107.10)

0.304 46.84
(44.81–55.24)

65.44
(58.79–68.65)

0.007

ICP
(mmHg)

6.88
(4.38–11.40)

30.31
(26.39–35.81)

<0.001 9.79
(9.46–11.11)

24.79
(20.95–26.65)

0.007

CPP
(mmHg)

87.20
(72.23–99.54)

63.68
(51.11–71.84)

<0.001 36.60
(34.21–42.39)

37.42
(35.48–44.50)

0.594
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Fig. 2 Scatterplots showing relationships between slope of AMP-ICP line and (a) ABP and (b) arterial carbon dioxide tension (PaCO2). Data 
combined from all manoeuvres

tionship between slope and PaCO2 was positive, although it 
did not reach statistical significance (R  =  0.25, p  =  0.16) 
(Fig. 2b). The slope of the AMP-ICP line was not correlated 
with the arterial WT calculated during the infusion test 
(p > 0.1).

 Discussion

Theoretically, the slope of the amplitude-pressure line is 
dependent on the product of cerebrospinal elasticity and 
cerebral fraction of arterial blood stroke volume. While 
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elasticity is a craniospinal parameter, and arterial blood 
stroke volume is a cerebral haemodynamic parameter. 
Changes in cerebral haemodynamic conditions are stronger 
and faster than changes in elasticity. Therefore, a clear rela-
tionship between MAP and the slope and a less strong one 
between slope and PaCO2 were recorded. The slope of the 
AMP-ICP line is dependent on vascular parameters and 
should be interpreted with caution as a parameter guiding 
decision on shunting in patients suffering from NPH.

During intracranial hypertension induced by the infusion 
of extra fluid volume into the lumbar cerebrospinal space, 
ABP does not change, while the CBFV decreases signifi-
cantly (p < 0.05). This is due to failing autoregulation and 
decreases in CPP during infusion.
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 Introduction

Cerebrovascular impedance describes the relationship 
between pulsatile arterial blood pressure (ABP) and pulsatile 
cerebral blood flow (CBF), i.e., the input and response of the 
cerebral vascular bed [1]. As a complex function of fre-
quency, it is defined by modulus and phase shift, which rep-
resent respectively the amplitude ratio and phase difference 
between components of pressure and flow signals of corre-
sponding frequency [2]. An impedance model of cerebral 
vascular bed that recognizes the frequency dependence of its 
parameters has been successfully used in studies on pulsatil-
ity index [3, 4] and critical closing pressure [5, 6]; however, 
while the link between vascular properties and impedance 
has been widely explored for most major vascular beds, rela-
tively little is known about cerebrovascular impedance pat-
terns [7, 8].

Traditionally, cerebrovascular impedance estimates are 
derived from Fourier spectra of CBF velocity (CBFV) and 

ABP [8], and the analysis is limited to steady-state condi-
tions, fulfilling the signal stationarity requirements of 
Fourier transform. In this study, we propose an approach to 
calculate cerebrovascular impedance using heartbeat-to-
heartbeat analysis and time-frequency methods, which 
allowed for the assessment of cerebrovascular impedance 
during controlled changes in ABP and intracranial pres-
sure (ICP) in rabbits.

 Materials and Methods

 Material and Data Acquisition

A retrospective analysis of experiments conducted in New 
Zealand white rabbits between 1993 and 1997 was per-
formed. The experiments were carried out in accordance 
with the standards established by the United Kingdom 
Animals (Scientific Procedures) Act of 1986. The experi-
mental protocol is described in detail in [1, 9].

In short, the animals were anesthetized and supported in a 
sphinx position. The full group of 20 rabbits was divided into 
three subgroups, with each of the subgroups undergoing a 
different procedure: (a) in 8 rabbits a step decrease in ABP 
was induced by administration of trimetaphan, (b) in 5 rab-
bits a transient increase in ABP was induced by administra-
tion of dopamine, and (c) in 7 rabbits ICP was raised using 
constant-rate infusion (0.2 mL/min) of normal saline into the 
lumbar cerebrospinal fluid space.

ABP was recorded in the femoral artery with a direct 
pressure monitor inserted via a polyethylene cannula. CBFV 
was recorded in the basilar artery with an 8-MHz transcra-
nial Doppler ultrasound probe positioned over a posterior 
frontal burr hole. In selected rabbits, ICP was recorded with 
a subarachnoid microsensor introduced through a second 
burr hole. The signals were collected using customized soft-
ware at a sampling frequency ranging from 50 to 100 Hz.
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 Data Analysis

All analyses were performed using programs custom-written 
in MATLAB® (MathWorks®, Natick, MA, USA). Prior to 
analysis, all signals recorded at sampling frequencies under 
100 Hz were upsampled to 100 Hz to ensure uniform sam-
pling frequency across the whole data set. Phase-shift analy-
sis was performed on signals bandpass filtered with cutoff 
frequencies of 1 and 20 Hz.

Selection of analysis period. First, signals were divided 
into individual heartbeats based on local minima of the 
CBFV signal. Duration of the analysis period extracted from 
each recording was expressed in heartbeats to account for 
variations in heart rate between the animals and during mea-
surements. Due to the contrasting patterns of hemodynamic 
changes, different analysis periods were selected in each 
group: (a) for rabbits with arterial hypotension, 800 heart-
beats before and 800 heartbeats after trimetaphan injection; 
(b) for rabbits with arterial hypertension, 100 heartbeats 
before and 1500 heartbeats after dopamine injection; and (c) 
for rabbits with intracranial hypertension, 200 heartbeats 
before and 2000 heartbeats after infusion onset. The time 
points corresponding to the administration of drugs or infu-
sion onset were annotated manually. Extracted parts of the 
recording were subsequently used to obtain estimates of 
cerebrovascular impedance.

Modulus of cerebrovascular impedance. The modulus of 
cerebrovascular impedance (|Z|) describes the ratio of ampli-
tudes of corresponding frequency components of ABP and 
CBFV [10]. At heart rate frequency, the modulus of cerebro-
vascular impedance (denoted |Z(fHR)|) is calculated as

 
Z fHR

ABP

CBFV

AMP

AMP
� � �  

(1)

where AMPABP and AMPCBFV are the amplitudes of the funda-
mental harmonics of ABP and CBFV, respectively. In this 
work, to reduce the effect of changes in heart rate, amplitude 
estimates were calculated on a heartbeat-to-heartbeat basis 
as the difference between the systolic and the diastolic value 
of each signal.

Phase shift of cerebrovascular impedance. The phase 
shift of cerebrovascular impedance (PS) describes the time 
delay between corresponding frequency components of ABP 
and CBFV [2]. To follow PS in both time (i.e., during hemo-
dynamic changes) and frequency (i.e., taking into account 
the changes in heart rate occurring during the experiment), a 
method of nonstationary signal processing called the joint 
time and frequency (TF) approach was used. In the TF 
approach, signals are represented on the two-dimensional 
time-frequency plane, which makes it possible to track their 
time-variant spectral content [11]. Here, the Zhao-Atlas- 
Marks (ZAM) distribution [12] was chosen to obtain esti-
mates of TF phase shift (TFPS) between ABP and CBFV. This 

distribution is characterized by relatively high suppression of 
so-called interference cross-terms and limited trade-off 
between time and frequency resolution. The framework is 
described in detail in our previous work on the subject of 
cerebral autoregulation [13].

TFPS in the ZAM-distribution-based approach is calcu-
lated as [14]
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where SZAM,xy(t, f) is the cross spectrum of signals x and y 
(here: ABP and CBFV). The cross spectrum (and, simi-
larly, auto spectra of signals x and y, denoted by SZAM,xx(t, 
f) and SZAM,yy(t, f), respectively) is in turn described by the 
equation [15]
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In the preceding equation, g and h are window functions 
responsible for smoothing the representation in time and fre-
quency domain.

Here the TFPS representation obtained from Eq. (2) was 
further processed using a two-step masking procedure to 
extract areas that are both related to heart rate frequency and 
characterized by significant coupling between ABP and 
CBFV. To estimate the extent of coupling between the sig-
nals in the TF domain, magnitude-squared TF coherence 
(TFCoh) was used. TFCoh is described as [16]
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where the superscript (c) indicates smoothing of the cross 
and auto spectra required to ensure that TFCoh is bounded to 
the range <0,1>. Only the (t, f) points of the TFPS represen-
tation where the corresponding TFCoh values exceeded the 
threshold value of 0.9 were included in further analysis [13]. 
Then a binary mask based on the fundamental frequency of 
ABP (i.e., the heart rate frequency) was applied to the 
coherence- filtered TFPS.  A 3-decibel mask was obtained 
using the procedure proposed in [16] by first finding the 
maximum value in the TF representation of ABP around the 
heart rate frequency at each time instant and then locating the 
frequencies at which the value in the representation drops by 
3 dB on either side of the maximum. Final time courses of PS 
at heart rate frequency (PS(fHR)) were derived by averaging 
TFPS values along the frequency axis within the combined 
coherence- and ABP-based mask at each time instant. Time 
in seconds was then converted to dimensionless time 
expressed in heartbeats. Illustrative TF representations used 
to obtain PS(fHR) are presented in Fig. 1.

A. Kazimierska et al.
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Time courses of cerebrovascular impedance estimates. 
The time courses of |Z(fHR)| and PS(fHR) were compared 
with the time courses of mean ABP, ICP, and cerebral per-
fusion pressure (CPP; where available, estimated as 
CPP  =  ABP − ICP) calculated by averaging the signals 
over the period of one heartbeat. Illustrative time courses 
for one rabbit are presented in Fig. 2.

 Results

Figure 3 shows the group-averaged time courses of imped-
ance estimates and available parameters (ICP—and, conse-
quently, CPP—was not recorded in the arterial hypertension 
group).

Following the injection of trimetaphan, mean ABP and 
mean CBFV both decreased (from the first 200 heartbeats 
to the last 200 heartbeats: ABP, decrease to 53% [52–57%] 

of baseline value; CBFV, decrease to 78% [52–96%]; val-
ues are presented as median [first-third quartile]). 
Similarly, CPP fell (to 45% [43–47%]) as mean ICP 
increased slightly (to 108% [93–172%]). |Z(fHR)| decreased 
to 60% [45–74%] while PS(fHR) changed from 25° [14°–
66°] to –26° [−54° to 23°].

Conversely, following administration of dopamine, mean 
ABP increased (from the first 100 heartbeats to 100 heart-
beats around the maximum of group-averaged mean ABP: an 
increase to 208% [119–214%]), as did mean CBFV (an 
increase to 117% [104–138%]). |Z(fHR)| rose to 141% [123–
168%] and PS(fHR) changed from –34° [−50° to -27°]  
to –27° [−39° to –20°].

Saline infusion resulted in a mean ICP increase to 330% 
[315–370%] (from the first 200 heartbeats to the last 200 
heartbeats), a mean CBFV decrease to 86% [80–98%], and a 
CPP decrease to 70% [67–82%]. No significant change was 
observed in either mean ABP or PS(fHR), but |Z(fHR)| dropped 
on average to 76% [69–109%].

Fig. 1 Illustrative time-frequency representations used to obtain time 
course of phase shift of cerebrovascular impedance at heart rate fre-
quency (PS(fHR)). (a) Bandpass-filtered time course (upper plot), power 
spectrum (left plot), and time-frequency auto spectrum (center graph) 
of arterial blood pressure (ABP). Note the fundamental harmonic of 
ABP around 4.5 Hz. (b) Binary mask based on the fundamental har-
monic of ABP. Black areas indicate parts of the representation included 
in subsequent analyses. (c) Coherence-masked time-frequency phase 

shift (TFPS) between ABP and cerebral blood flow velocity (CBFV). 
White areas indicate parts of the representation where coherence 
between ABP and CBFV is lower than 0.9, which are excluded from 
subsequent analyses. (d) Coherence- and ABP-masked TFPS between 
ABP and CBFV obtained by overlaying mask presented in (b) on rep-
resentation presented in (c). (e) Time course of PS(fHR) values obtained 
from representation presented in (d)

Cerebrovascular Impedance During Hemodynamic Change in Rabbits: A Pilot Study
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 Discussion

Frequency-dependent parameters describing cerebral hemo-
dynamics are traditionally estimated using Fourier analysis 
[8]. However, the applicability of classical Fourier transform 
is restricted to steady-state conditions where the signals can 
be assumed to be stationary, significantly limiting the range 
of experiments where this approach is valid. On the other 
hand, the nonstationarity of biomedical signals, including 
those related to the cardiovascular system, has been widely 
recognized in recent years, leading to a rise in prominence of 
more advanced signal processing tools such as time- 
frequency methods [17]. The approach presented in this 
study was chosen specifically to offer the possibility of mon-
itoring changes in cerebrovascular impedance estimates in 
time. In particular, the method of extracting heart-rate-related 
components of phase shift between ABP and CBFV, which 
takes into account the degree of coupling between them, 
uniquely supports tracking related changes despite the time- 

varying spectral content of the signals. Potential insights into 
phenomena governing cerebral hemodynamics offered by 
impedance analysis have been suggested by a number of 
studies that emphasized the importance of including 
frequency- dependent properties when interpreting indices 
describing the state of cerebral circulation in various condi-
tions [3, 4, 8, 18]. In an attempt to extend cerebrovascular 
impedance analysis to transient hemodynamic changes, we 
have demonstrated that the proposed procedure allows for 
the assessment of modulus and phase shift of cerebrovascu-
lar impedance during controlled changes in systemic ABP 
and ICP.

Our results show that both |Z(fHR)| and PS(fHR) change 
during alterations in systemic ABP and follow the direction 
of changes in CPP, with increases observed in the hyperten-
sion and decreases in the hypotension group, while only 
|Z(fHR)| is affected by changes in ICP.  Interestingly, altera-
tions in PS(fHR) appear to depend not only on the magnitude 
but also the direction of change in ABP and its initial level, 
since we observed that baseline values of PS(fHR) differ 

Fig. 2 Illustrative time courses for one rabbit from arterial hypotension 
group. Top to bottom: mean arterial blood pressure (ABP), mean cere-
bral blood flow velocity (CBFV), mean intracranial pressure (ICP), 

cerebral perfusion pressure (CPP), modulus of cerebrovascular imped-
ance at heart rate frequency (|Z(fHR)|), and phase shift of cerebrovascular 
impedance at heart rate frequency (PS(fHR))

A. Kazimierska et al.
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between groups. The latter can be, at least in part, explained 
by the fact that the mean absolute ABP at baseline in the 
hypertension group (Fig. 3) corresponds to end rather than 
baseline level in the hypotension group. However, a compa-
rable level of mean ABP reached after dopamine injection 
still did not produce positive PS(fHR), which could be 
expected by comparison with the hypotension group. So far, 
phase relationships between ABP and CBFV have primarily 
been used to assess the state of cerebral autoregulation based 
on low-frequency components (i.e., below respiration fre-
quency) [19], and little attention has been given to phase 
shift between signals related to cerebral pulsations in gen-
eral. One previous study investigated the phase shift between 
the fundamental harmonics of CBFV and ICP during infu-

sion tests and its relationship with diminished compensatory 
reserve at higher ICP levels [20]. This study, on the other 
hand, suggests an influence of the level of CPP on the char-
acteristics of the cerebrovascular bed regarded as a system 
transferring pressure pulsations to pulsatile flow.

Limitations. In this study, transcranial Doppler measure-
ments of CBFV in the basilar artery were used as estimates 
of pulsatile CBF, and ABP recordings in the femoral artery 
were used as substitutes for arterial pressure at brain level. It 
should be noted that CBFV is not a direct equivalent of the 
CBF waveform due to its dependence on the diameter of 
insonated vessels and the properties of the vascular bed, and 
femoral ABP is only an approximation of input cerebral 
pressure waveform (although it has been shown that in 

Fig. 3 Group-averaged time courses from (a) arterial hypotension, (b) 
intracranial hypertension, and (c) arterial hypertension group. Top to 
bottom: mean arterial blood pressure (ABP), mean cerebral blood flow 
velocity (CBFV), mean intracranial pressure (ICP; not included in part 
(c)), cerebral perfusion pressure (CPP; not included in part (c)), modu-

lus of cerebrovascular impedance at heart rate frequency (|Z(fHR)|), and 
phase shift of cerebrovascular impedance at heart rate frequency 
(PS(fHR)). |Z(fHR)| is presented as a percentage of baseline value. Black 
lines: median, gray area: interquartile range

Cerebrovascular Impedance During Hemodynamic Change in Rabbits: A Pilot Study
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humans the use of systemic ABP in modeling studies allows 
for fairly reliable estimation of CBF waveforms when used 
to replace cerebral pressure [21]). Moreover, the differences 
in pulse transit time between the heart and femoral and basi-
lar arteries in individual recordings were not compensated, 
and the physical distance between measurement sites may 
have influenced the absolute values of PS(fHR).
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 Introduction

A serious complication of traumatic brain injury (TBI) in 
polytrauma is arterial hypotension due to hemorrhagic shock 
(HS) that impairs cerebral autoregulation and reduces cere-
bral perfusion pressure (CPP) and cerebral blood flow (CBF), 
increasing hypoxia and doubling mortality [1–3]. The dura-
tion of hypotension is inversely associated with outcome in 
TBI patients [4]. TBI + HS occurs more frequently on the 
battlefield because of extremity or penetrating injuries from 
shrapnel and has taken on even greater importance owing to 
the increased incidence of improvised explosive devices [5]. 
Current treatments for HS are based on volume expansion 
with resuscitation fluids (RFs) with the goal of rapidly restor-
ing blood pressure and, potentially, CPP, followed by trans-
fusion of donor blood at the hospital. In the case of TBI, this 
approach is controversial because it does not adequately alle-
viate impaired cerebral microcirculation and is thus not neu-
roprotective. Moreover, crystalloids, standard civilian RFs, 
rapidly move into the extravascular compartment, requiring 
large infused volumes that could exacerbate pulmonary and 
brain edema and lead to increased bleeding, dilution coagu-
lopathy, and increased mortality [6]. Colloid solutions, such 
as hydroxyethyl starch, are preferred for resuscitation in 
combat casualty settings due to lower volume and weight. 

However, the use of colloids is controversial due to increased 
rates of coagulopathies, kidney failure, and mortality [7]. 
Thus, novel types of RF and approaches are needed. One of 
the new possible approaches we propose is an addition of 
drag-reducing polymers (DRPs) to the RF. DRPs are linear, 
blood-soluble, nontoxic macromolecules that in nanomolar 
concentrations substantially improve the rheological proper-
ties of blood flow. In our previous studies in a rat TBI model, 
we showed that nanomolar concentrations of DRP signifi-
cantly enhanced microvascular perfusion and tissue oxygen-
ation in pericontusional areas and protected neurons [8]. It 
has also been demonstrated that DRP additives to RF 
(DRP-RF) reduced the required fluid amount and improved 
hemodynamics, blood chemistry, and survival in various ani-
mal models of HS [9]. We hypothesized that a small amount 
of DRP, added to isotonic Hetastarch (HES 6%; 0.9% NaCl), 
would improve cerebral microcirculation and oxygen supply 
but not induce ICP increase. The HES was chosen as a first-
choice non-blood- derived RF for TBI + HS in combat casu-
alty settings [10].

 Methods

All procedures were performed as previously described in 
earlier studies [6]. Protocol 200640 was approved by the 
Institutional Animal Care and Use Committee of the 
University of New Mexico, and the studies were conducted 
according to the NIH Guide for the Care and Use of 
Laboratory Animals.

 Overall Study Design

TBI was induced after baseline physiological recording and 
followed by a 1-h hemorrhagic phase, where blood was slowly 

Improved Cerebral Perfusion Pressure and Microcirculation 
by Drag Reducing Polymer-Enforced Resuscitation Fluid After 
Traumatic Brain Injury and Hemorrhagic Shock

Denis E. Bragin, Olga A. Bragina, Alex Trofimov, Lucy Berliba, Marina V. Kameneva, and Edwin M. Nemoto

D. E. Bragin (*) 
Lovelace Biomedical Research Institute, Albuquerque, NM, USA 

Department of Neurosurgery, University of New Mexico School of 
Medicine, Albuquerque, NM, USA
e-mail: dbragin@lrri.org 

O. A. Bragina · L. Berliba · E. M. Nemoto 
Lovelace Biomedical Research Institute, Albuquerque, NM, USA 

A. Trofimov 
Department of Neurosurgery, Privolzhsky Research Medical 
University, Nizhniy Novgorod, Russia 

M. V. Kameneva 
McGowan Institute for Regenerative Medicine, University of 
Pittsburgh, Pittsburgh, PA, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-59436-7_54&domain=pdf
https://doi.org/10.1007/978-3-030-59436-7_54
mailto:dbragin@lrri.org


290

withdrawn through the femoral vein to decrease mean arterial 
pressure (MAP) to 40 mmHg. In the subsequent 1-h prehospi-
tal care phase, isotonic RFs (HES 6%; 0.9% NaCl) or (HES-
DRP) were gradually infused intravenously to increase MAP 
to ~55 mmHg and CBF (Doppler flux) to ~65% of baseline. In 
the subsequent 3-h definitive hospital care phase, shed blood 
was reinfused to a MAP of 70 mmHg and CBF of ~75% of 
baseline (Fig. 1). Arterial and intracranial pressures were con-
tinuously monitored using the Biopac system (Goleta, CA). In 
vivo two-photon laser scanning microscopy (2PLSM) over the 
pericontusional area of the parietal cortex of the rat brain was 
performed during the whole study. Monitored variables 
included cerebral microvascular blood flow velocity, number 
of perfused capillaries, tissue oxygen supply (Nicotinamide 
adenine dinucleotide (NADH) autofluorescence) and neuronal 
necrosis (intravenous propidium iodide). The laser Doppler 
flux (LDF) was measured via a lateral temporal window using 
a 0.9-mm-diameter probe (DRT4, Moor Inst., Axminster, UK) 
in the same region of the brain studied by 2PLSM. Brain and 
rectal temperatures were monitored and maintained at 
38  ±  0.5  °C.  Arterial blood samples for gases, electrolytes, 
hematocrit, base excess, and pH, as well as kidney function 
(creatinine), were measured hourly (epoc Blood Analysis 
System, Alere Inc., Waltham, MA, USA). At the end of the 
experiments, animals were subjected to perfusion with vessel 
painting.

 Surgical Preparation

Acclimatized male Sprague-Dawley rats (250–300 g) were 
ventilated on isoflurane (2%), nitrous oxide (69%), and oxy-
gen (29%) anesthesia. Femoral venous and arterial catheters 

(PE 50) were inserted for fluid and drug administration, con-
trolled hemorrhage, arterial pressure monitoring, and blood 
sampling, respectively. A catheter (PE 50) inserted into the 
cisterna magna through the atlanto-occipital membrane was 
used to monitor intracranial pressure (ICP). For TBI and 
imaging, a craniotomy (5 mm) over the left parietal cortex 
was filled with agarose in saline (2%) and sealed by a glass 
cover. The fluid percussion TBI was induced by a pulse from 
the pneumatic impactor connected to the brain through a 
transducer filled with artificial cerebrospinal fluid (1.5 atm, 
50  ms). For HS, blood was slowly withdrawn through the 
femoral vein.

 DRP Preparation

Polyethylene oxide (PEO) (MW ~4000 kDa) was dissolved 
in saline to 0.1% (1000 ppm), dialyzed against saline using a 
50-kD cutoff membrane, diluted in saline to 50 ppm, slow 
rocked for ~2 h, and then sterilized using a 0.22-μm filter [6]. 
HES-DRP was prepared before infusion by adding DRP to 
the Hetastarch to reach the final DRP concentration of 
0.0005% (5 ppm).

 Two-Photon Laser Scanning Microscopy

Fluorescent serum (intravenous fluorescein isothiocyanate 
(FITS) dextran, 150 kDa in physiological saline, 5% wt/vol) 
was visualized using an Olympus BX 51WI upright micro-
scope and water-immersion LUMPlan FL/IR 20×/0.50  W 
objective. Excitation was provided by a Prairie View Ultima 
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multiphoton microscopy laser scan unit powered by a 
Millennia Prime 10  W diode laser source pumping a 
Tsunami Ti:Sapphire laser (Spectra-Physics, Mountain 
View, CA, USA) tuned to 750-nm center wavelength. 
Bandpass-filtered epifluorescence (510–530  nm for FITS, 
445–475 nm for NADH, and 565–600 for Ethidium bromide 
(ET)) was collected by photomultiplier tubes of the Prairie 
View Ultima system. Images (512 × 512 pixels, 0.15 μm/
pixel on the x- and y-axes) or line scans were acquired using 
Prairie View software. Red blood cell flow velocity was 
measured in microvessels ranging from 3 to 50 μm in diam-
eter up to 500 μm below the surface of the parietal cortex, as 
described previously [5]. Tissue hypoxia was assessed by 
NADH autofluorescence measurement. In an offline analy-
sis, using NIH ImageJ software, a three-dimensional anat-
omy of the vasculature in areas of interest were reconstructed 
from two-dimensional (planar) scans of the fluorescence 
intensity obtained at successive focal depths in the cortex 
(XYZ stack).

 Animal Perfusion and Vessel Painting

At the end of the study, cerebral vessels were painted by  
cardiac perfusion with 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate (DiI, Invitrogen, 
USA), which binds preferentially to endothelial cells. The 
sequential order for infusion of solutions was as follows: (a) 
Phosphate-buffered saline (PBS) (150 mL), (b) 50 mL DiI 
(13 μg/mL), and (c) paraformaldehyde (4%, 200 mL). Then 
the brain was extracted from the skull and all meninges 
removed. Imaging was done by 2PLSM in a custom-made 
fixed tissue imaging chamber.

Statistical analysis was done with GraphPad Prism soft-
ware 6.0 (La Jolla, CA, USA) by Kolmogorov-Smirnov test 
or Student’s t-test where suitable. Intergroup differences were 
evaluated using a two-way analysis of variance (ANOVA) for 
multiple comparisons and post hoc testing with the Mann-
Whitney U-test. Data are presented as mean ± standard error, 
statistical significance was preset to p < 0.05.

 Results

Moderate TBI did not induce significant changes in MAP, 
ICP, and CPP, while cortical flux, measured by surface laser 
Doppler probe in the pericontusional area, fell to 
86.9 ± 5.1 a.u. from the baseline (p < 0.05). In the pericontu-
sional area after TBI, microvascular CBF, measured by 
in vivo 2PLSM, showed a reduction in capillary flow veloc-

ity to 0.62 ± 0.04 mm/s from 0.87 ± 0.06 mm/s and approxi-
mately 18% reduction in the number of functioning 
capillaries due to microthrombosis, leading to tissue hypoxia, 
reflected by an approximately 23% increase in NADH auto-
fluorescence (p < 0.05 from baseline) (Fig. 2), which agrees 
with our previous observations [6].

Subsequent hemorrhagic shock reduced MAP to 
42.5 ± 7 mmHg and ICP to 5.4 ± 5 mmHg and calculated 
CPP to 37.5 ± 5 mmHg (Fig. 2). This caused further cortical 
LDF reduction to 46 ± 6 a.u. from baseline (Fig. 2d), a, addi-
tional twofold reduction in capillary flow velocity, micro-
thrombosis, and tissue oxygenation, leading to neuronal 
necrosis.

In the prehospital phase, HES, slowly infused in the 
amount of 4.5 ± 1.8 mL, restored MAP to 59.4 ± 6 mmHg 
and cortical LDF to 58.9 ± 6.8 a.u. (Fig. 2a, d). However, ICP 
increased to 32.6 ± 8 mmHg and further decreased CPP to 
26.8 ± 4.5 mmHg (Fig. 2b, c), while capillary perfusion and 
tissue oxygen supply remained the same.

HES-DRP, infused during the prehospital phase in the 
smaller amount of 1.9  ±  0.8  mL, increased MAP to 
60.3 ± 6 mmHg, while cortical LDF increased to 67.3 ± 6.1% 
(Fig. 2a, d). The infusion of HES-DRP did not induce such 
an increase in ICP (15.4 ± 7.9 mmHg) or a decrease in CPP 
(44.9 ± 4.6 mmHg) as in the HES group (p < 0.05 from HES) 
(Fig. 2b, c). As a result, capillary perfusion and tissue oxy-
gen supply substantially increased.

During the hospital phase in the HES group, the reinfu-
sion of blood increased MAP to 71.4 ± 7 mmHg and cortical 
LDF to 72.8 ± 8.4 a.u. (Fig. 2a, d). However, ICP remained 
high (34.8 ± 6.1 mmHg), while CPP increased insignificantly 
to 36.6  ±  4.5  mmHg because the MAP rise remained low 
(Fig. 2b, c). As in the prehospital phase, microcirculation and 
tissue oxygenation in the pericontusional regions did not 
change significantly; however, there was a trend toward 
improvement. The number of dead neurons by the end of the 
hospital phase was 185.5  ±  10.3 per 0.075  mm3 of tissue, 
while the microvascular density was 3.2 ± 0.3% vessel/total 
area×100 (Fig.  3). The contusion volume reached 42 mm3 
(Fig. 3).

In the HES-DRP group, the reinfusion of blood during the 
hospital phase increased MAP to 73.2 ± 6.7 mmHg and cor-
tical LDF to 81.8  ±  6.8  a.u. (Fig.  2a, d). The ICP level 
unchanged, while CPP increased to 56.4 mmHg because of 
the MAP increase (p  <  0.05 from the HES) (Fig.  2b, c). 
Perfusion in capillaries and tissue oxygenation further 
improved, which protected neurons from necrosis, as the 
number of dead neurons was significantly less than in the 
HES group: 67.1 ± 8.8 per 0.075 mm3 (p < 0.01 from the 
HES group) (Fig. 3). DiI vessel painting showed less reduc-
tion in microvascular density compared to the HES group as 
percentage of vessel/total area×100 was 5.1 ± 0.4 (p < 0.05) 
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(Fig. 3). The contusion volume was also less than in the HES 
group: 28 ± 5.7 mm3 (p < 0.05) (Fig. 3).

 Discussion

In this and previous studies [8, 9] we have shown that DRP 
addition to RF improves cerebral microcirculation by increas-
ing the blood flow rate in arterioles by the flow velocity 
increase due to reduction of flow vortices and separations at 
vessel bifurcations, leading to pressure loss decrease across 
the arterial tree. All of these mechanisms lead to an increase 
in the precapillary pressure, enhancing capillary flow, reduc-
ing capillary thrombosis, increasing the number of function-
ing capillaries and the number of red blood cells flowing 
through, which improves tissue oxygenation. Thus, DRP 
addition transforms ordinary RF to a neuroprotective fluid 
through the decrease in cerebral ischemia. In addition, HES-
DRP requires a lower volume to be infused, which is espe-
cially important to avoid edema expansion in a traumatized 
brain. This is of particular importance as large volumes of 
infused current RFs move into the extravascular space, aggra-
vating brain edema [11], intracranial hypertension, and reduc-
tion in CPP, thereby decreasing the oxygen- carrying capacity 
of blood, which exacerbates tissue hypoxia in the injured 
brain [12]. Restored by HES-DRP, capillary perfusion is cru-
cial to sustain homeostasis, remove metabolites that may 
exert toxic effects, and improve oxygen supply.

The limitation of the study is the lack of a specific evalu-
ation of HES and HES-DRP effects on kidney function and 
the coagulation system. However, we were able to estimate 
kidney function by creatinine level in arterial blood samples. 
Creatinine is a breakdown product of creatine phosphate 
from muscle and protein metabolism that filters continuously 
through healthy kidneys and is excreted in urine. Creatinine 
level in the blood is a useful marker of kidney function, with 
a critical level of >4–5 mg/dL. In the HES-DRP group, arte-
rial blood creatinine was significantly lower than in the HES 
group (1.37  ±  0.29 vs. 2.41  ±  0.34  mg/dL, respectively, 
p < 0.05), compared to the baseline of 0.67 ± 0.24 mg/dL, 
which reflects better-preserved kidney function. Future 
research will seek to determine whether this effect is due to a 
possible nephroprotective effect of DRP additive or reduced 
infused volume, as well as an impact on the coagulation sys-
tem. Nevertheless, even in the HES group, arterial blood cre-
atinine levels did not reach the critical level.

 Conclusions

Resuscitation after TBI/HS using HES-DRP restores CBF 
and reduces tissue hypoxia and neuronal necrosis compared 
to HES. HES-DRP requires an infusion of smaller volume, 
resulting in lower ICP and brain edema but higher CPP com-
pared to HES.
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 Background

Premature infants have an overall increased risk of mortality 
and neurodevelopmental deficits compared to infants born at 
term or near term. Acquired brain injury, especially in 
extremely low birth weight (ELBW) infants, is highest dur-
ing the first week of life and includes hypoxic-ischemic 
injury, periventricular leukomalacia (PVL), and intraventric-
ular hemorrhage (IVH) [1, 2]. These various insults can 
result from alterations in cerebral blood flow (CBF) and arte-
rial blood pressure (ABP). Ischemia can result when the 
blood flow falls below the level necessary to support normal 
function. Alternatively, IVH may occur when blood flow 
exceeds the capacity of the blood vessels in the brain, typi-
cally within the germinal matrix. CBF is, in part, influenced 
by ABP; however, an optimal ABP required to maintain ade-
quate brain perfusion is currently unknown despite the con-
tinued use of ABP as the proxy for CBF in the neonatal 
intensive care unit (NICU).

In adults and healthy infants, cerebral perfusion pressure 
(CPP) is maintained by cerebrovascular pressure autoregula-
tion. When CPP falls below the lower limit of autoregulation, 
CBF becomes pressure passive where decreases in ABP 
result in decreases in CBF and place the brain at risk for 
injury. Cerebral pressure passivity has been seen in the first 
week of life and in sick preterm infants and is associated 
with IVH [3]. The reduction of CPP even further leads to a 

cessation of CBF. The ABP at which CBF ceases is the criti-
cal closing pressure (CrCP).

Using transcranial Doppler (TCD) ultrasonography, Rhee 
et al. utilized a novel brain-specific perfusion parameter, the 
diastolic closing margin (DCM), which is the difference 
between diastolic ABP and CrCP [4]. This parameter nor-
malizes ABP to the CrCP, thereby rendering an effective 
CPP. In this study, a high DCM was strongly associated with 
severe IVH when ABP alone was not predictive of neurologi-
cal injury. The ability to prevent acquired brain injury in 
ELBW infants is hindered by the lack of complete under-
standing of the pathophysiology of disease combined with a 
lack of reliable bedside monitoring approaches available for 
recognizing hemodynamic risk factors.

TCD ultrasound and near-infrared spectroscopy (NIRS) 
are the currently available modalities available at the bedside 
for estimating CBF in preterm infants. TCD ultrasound mea-
sures macrovascular blood flow velocity, usually in the cere-
bral arteries [5]. It has been used to measure CBF velocity by 
measuring the frequency shift of scattering of moving red 
blood cells in response to acoustic waves. TCD ultrasound 
has been used to study CBF, CrCP, and DCM in animal mod-
els and humans [6, 7]. It is often difficult, however, to main-
tain continuous measurements using TCD ultrasonography 
due to the heat generated by the ultrasound probe. NIRS is 
also noninvasive and utilizes nonionizing near-infrared light 
to measure tissue oxy- and deoxyhemoglobin concentrations 
[8]. It calculates CBF indirectly based on Fick’s principle 
and also reports regional oxygen saturation for the interro-
gated organ. Hence, NIRS is limited by the assumption that 
CBF, cerebral blood volume, and cerebral oxygen extraction 
remain constant, which is not always the case in clinical 
scenarios.

Diffuse correlation spectroscopy (DCS) is a promising 
optical modality that uses near-infrared light to noninva-
sively quantify CBF by measuring the microvascular 
flow of deep tissue [3, 9]. The study of the microvascular 
component of cerebrovasculature is promising because 
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the  microvasculature controls oxygen and nutrient deliv-
ery to tissues. The advantages of DCS are that it is por-
table and continuous and can be used at any location of 
the patient’s head without exposing the patient to ioniz-
ing radiation. Additionally, it can measure cerebral oxy-
genation, CBF, and oxygen metabolism similarly to 
combining NIRS and TCD into one instrument [9]. 
Multiple validation studies in animal models have shown 
that absolute and relative changes in CBF as measured by 
DCS correlate with multiple studied modalities, includ-
ing NIRS, spin-labeled magnetic resonance imaging, and 
invasive laser Doppler flowmetry [9]. At present, there 
are limited studies comparing measures of CBF by DCS 
to TCD ultrasonography.

DCS may be an ideal tool to ultimately monitor cerebral 
hemodynamics in premature infants at the bedside and has 
favorable characteristics for continuous monitoring in this 
population. The objective of this study was to compare and 
validate the CrCP calculated using DCS measurements ver-
sus TCD ultrasound in a neonatal piglet model of hemor-
rhagic shock.

 Materials and Methods

Approval was obtained by the Animal Care and Use 
Committee at Baylor College of Medicine. All procedures 
conformed to the standards of animal experimentation of the 
National Institutes of Health.

 Anesthesia

Thirteen neonatal piglets arrived within 1 week of life and 
were housed in the animal facility for at least 24 h prior to the 
studies to allow for acclimation to their new environment. 
The piglets were anesthetized with inhaled 5% isoflurane 
and 50% oxygen via facemask for induction. Tracheostomy 
was performed and mechanical ventilation was initiated 
using a cuffed endotracheal tube. Ventilation was adjusted to 
maintain arterial pH between 7.35 and 7.45. Maintenance 
anesthesia consisted of 0.8% isoflurane, 50% nitrous oxide, 
50% oxygen, fentanyl (25-μg bolus followed by 25-μg/h 
infusion), and vecuronium (5-mg bolus followed by 2-mg/h 
infusion) to maintain a heart rate less than 160 bpm and to 
maintain a normal blood pressure during baseline record-
ings. This anesthetic technique ensured the animals’ comfort 
while minimizing the cerebrovascular response to volatile 
anesthetic.

 Surgery and Physiologic Data Processing

The femoral veins were cannulated bilaterally for placement 
of central venous lines for drug infusion and central venous 
pressure (CVP) monitoring. The femoral arteries were can-
nulated bilaterally for placement of an arterial line for arte-
rial blood pressure and blood gas monitoring and for active 
removal of blood. Middle cerebral artery CBF velocity was 
recorded by TCD ultrasound (Nicolet Vascular/Natus 
Medical Incorporated, San Carlos, CA) using a 2-MHz 
probe. Microvascular blood flow of the cerebral cortex was 
measured with DCS (MetaOx/ISS Inc., Champaign, IL). 
Measurements of TCD and DCS were made concurrently 
and continuously throughout the experiment.

 Signal Sampling

Arterial and CVPs, as well as laser-Doppler signals and DCS 
signals, were sampled at 200 Hz using an analog-to-digital 
converter (Data Translation, Marlboro, MA, USA) and 
ICM+ software (Cambridge University, Cambridge, UK). 
CrCP was determined using an impedance-based model [7]. 
Data were analyzed using MATLAB (Mathworks Inc., 
Natick, MA).

 Statistical Analyses

Lower limit of autoregulation was determined by piecewise 
regression analysis. Comparisons of CrCP measured by DCS 
and TCD ultrasound were made using linear regression and 
Bland-Altman analysis.

 Results

Neonatal piglets had an average weight, age, and starting 
hemoglobin of 2.8  kg (±0.5), 12  days (±3), and 8.2  g/dL 
(±0.8), respectively. The complete baseline piglet character-
istics can be seen in Table 1. There were no significant differ-
ences in the baseline characteristics of the piglets.

ABP was slowly lowered via continuous hemorrhage. 
Lower limit of autoregulation was determined for each piglet 
using piecewise regression analysis, and then behavior was 
observed both above and below the lower limit of autoregu-
lation. For each piglet a linear regression and Bland-Altman 
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analysis was performed to determine the agreement of CrCP 
measured by both DCS and TCD ultrasound.

Across all piglets, CrCP determined by the two modali-
ties showed good correlation by linear regression, median 
r2  =  0.8 (interquartile range (IQR) 0.71–0.87), and Bland- 
Altman analysis showed a median bias of −3.5 (IQR −4.6 to 
−0.28). Results are shown in Table 2.

 Discussion

The results of the experiments presented here have two 
implications. First, DCS and TCD ultrasonography can be 
used concurrently to measure the CrCP to better understand 
cerebral hemodynamics in a piglet model of hemorrhagic 
shock. The two signals were continuous, and signal acquisi-
tion was not hindered by using both concurrently. Second, 
we found strong agreement in CrCP measured between DCS 
and TCD ultrasound; however, their values were not identi-
cal across the experiments. These differences between mea-
sured CrCP may be a result of the different behavior of the 
cerebral vasculature measured by the two modalities. Thus, 
because DCS measures CBF in the microvasculature of the 
cerebral cortex compared to the TCD ultrasound measure-
ments of the macrovasculature of the cerebral arteries, we 
believe the measurements reported here demonstrate the 
similar but contrasting physiology of those vascular beds.

ELBW infants remain at risk for brain injury in the early 
postnatal period [10, 11]. ABP may not be a good surrogate 
for CBF in this population despite its use in guiding hemody-
namic measurement in this at-risk population. However, the 
tools available to monitor CBF at the bedside in preterm 
infants remain limited. TCD ultrasound and NIRS are the 
most commonly used modalities at the bedside in the NICU 
to assess cerebral perfusion and oxygenation. DCS provides 
an alternative to TCD ultrasound and NIRS.

DCS is a continuous, noninvasive optical technique that 
utilizes light intensity fluctuations to measure microvascular 

Table 2 Comparison of critical closing pressure between transcranial 
Doppler and diffuse correlation spectroscopy by linear regression and 
Bland-Altman analysis

Linear regression Bland-Altman analysis
Piglet # r2 Bias ±1.96 SD

1 0.72 −6.4 ± 3.2

2 0.95 −4.2 ± 2.5

3 0.97 −3.2 ± 5.1

4 0.87 11.0 ± 20.0

5 0.80 4.3 ± 10.7

6 0.64 −3.6 ± 6.4

7 0.48 −1.5 ± 13.5

8 0.87 −3.5 ± 6.0

9 0.88 −0.28 ± 8.5

10 0.71 −5.6 ± 6.4

11 0.71 0.95 ± 6.5

12 0.16 −13.0 ± 8.0

13 0.86 −4.6 ± 8.4

Average all 0.74 −2.3 ± 8.1

Table 1 Baseline piglet characteristics

Pig# Weight (kg) Age (days) pH pCO2 pO2 Hct Hb HCO3- Base excess
1 2.7 10 7.413 44.4 261.9 25.0 8.4 28.6 4.2

2 2.7 13 7.339 47.7 307.7 22.0 7.5 25.9 0.7

3 2.6 14 7.379 52.6 260.1 21.0 7.2 31.3 6.2

4 3.58 14 7.367 45.8 256.6 26.0 8.6 26.6 1.6

5 3.52 15 7.420 38.3 356.8 25.0 8.5 25.1 1.3

6 3.25 16 7.450 37.4 243.9 19.0 6.4 26.4 2.9

7 2.0 14 7.468 36.0 371.1 25.0 8.4 26.3 2.3

8 3.4 16 7.359 49.3 340.8 24.0 8.1 28.1 2.4

9 2.2 07 7.364 35.7 278.3 28.0 9.3 20.6 −5.1

10 2.5 08 7.342 49.5 293.9 24.0 8.2 27.1 1.1

11 2.7 09 7.360 39.9 340.8 25.0 8.4 22.8 −3.0

12 2.2 10 7.394 37.6 330.9 25.0 8.3 23.2 −2.0

13 2.8 11 7.380 39.6 286.3 28.0 9.4 23.6 −1.7

Avg 2.8 12 7.390 42.6 302.0 24.4 8.2 25.8 0.83

SD ± 0.52 ± 3 ± 0.04 ± 5.8 ± 42 ± 2.5 ± 0.8 ± 2.8 ± 3.10
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blood flow in the cerebral cortex [11]. DCS may be a more 
useful alternative to TCD ultrasound and NIRS because it 
provides more comprehensive cerebral hemodynamic data as 
it monitors tissue oxygenation, CBF, and oxygen metabo-
lism concurrently. DCS measures CBF using a blood flow 
index (BFI), in units of square centimeters per second 
(cm2/s), that relies on an effective Brownian diffusion coef-
ficient of red blood cells and is proportional to tissue micro-
vascular blood flow [12]. In contrast, TCD ultrasound 
measures blood flow velocity in large vessels (in mL/100 g/
min). Thus, comparison of the two measurements is difficult 
and not straightforward.

A recent study by Giovannella et al. in neonatal piglets 
validated the DCS measurements against positron emission 
tomography 15O-labeled water, a more accurate and accepted 
measurement of regional CBF [13]. The authors reported 
excellent correlation between BFI measured by DCS and 
regional CBF measured by positron emission tomography 
(R = 0.94, p < 0.0001) and derived a calibration formula to 
convert the BFI measurement into flow units. This important 
animal work similar to the findings in this study can there-
fore be used to further inform studies in human infants.

At this time, there are a limited number of studies using 
DCS in human preterm and term infants. A study by Buckley 
et al. showed that DCS correlated well with TCD ultrasound 
[14]. In this feasibility study, DCS and TCD ultrasound were 
performed in four very low birth weight preterm infants dur-
ing a 12° positional change and showed that this minor pos-
tural change did not significantly affect CBF. However, these 
positional changes were not expected to result in changes in 
CBF. In another study by Busch et al., DCS was used to con-
tinuously monitor CBF during deep hypothermic circulatory 
arrest during cardiac surgery in a term infant [15]. They dem-
onstrated that DCS was capable of measuring changes in 
CBF from a normal, physiological range of blood flow to 
near zero blood flow. This work highlighted the feasibility of 
continuous, real-time optical measurement of CBF. Further, 
a more recent study by Baker et al. compared CrCP calcula-
tions by the Windkessel model using DCS versus TCD ultra-
sound in healthy adults and found good agreement [16]. 
They also measured cerebrovascular arteriole compliance, 
which supported the idea that the DCS measures microvas-
culature vs. the macrovasculature. Finally, Andresen et  al. 
used DCS in normal term infants at rest to demonstrate that 
DCS measurements were comparable to other expected val-
ues for the estimation of CBF [17].

In our study, CrCP measured by DCS and TCD ultra-
sound had good correlation but were not identical in value. 
As previously indicated, this difference may simply be due 
to the type of vascular bed that was being monitored because 
the behavior of the microvasculature compared to the macro-
vasculature is different. The hemodynamics of a premature 

infant is changing constantly, and being able to monitor the 
CrCP continuously and easily at the bedside may have great 
advantages to the neonatologist in using brain-specific met-
rics to define the goals of care.

In conclusion, this is the first comparison of CrCP deter-
mined by DCS compared to TCD ultrasound in a neonatal 
piglet model of hemorrhagic shock. We found strong agree-
ment between DCS and TCD ultrasound in their ability to 
estimate CrCP; however, their values were not identical 
across the experiment. The difference between the two 
modalities may be due to the differences in vasomotor tone 
within the microvasculature of the cerebral arterioles as mea-
sured by DCS compared to the microvasculature of a major 
cerebral artery by TCD ultrasound. The results from this 
study will provide pilot data to serve as a basis for the appli-
cation of DCS to human infants.
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 Introduction

Infusion test procedures have shown that increased pulsatile 
intracranial pressure (ICP) and impaired intracranial compli-
ance characterize patients with noncommunicating hydro-
cephalus who respond clinically to cerebrospinal fluid (CSF) 
diversion surgery even though static ICP was not increased 
[1, 2]. In such patients, fluid-structure interactions lead to 
ventricular dilation that stresses the white matter fibers and 
alters the cerebral blood flow and CSF dynamics [3].

Magnetic Resonance Imaging (MRI) appears to be an 
excellent non-invasive technique to monitor these disorders. 
To detect and quantify white matter (WM) alterations, diffu-
sion tensor imaging (DTI) is widely employed [4–6], while 
phase contrast MRI (PCMRI) is a reference for CSF and 
blood flow measurements [7–9].

The purpose of this work was to noninvasively investigate 
how endoscopic third ventriculostomy (ETV) could impact 
white matter bundles, CSF oscillations, and cerebral blood flow.

 Materials and Methods

Eleven patients presenting with chronic headaches and non-
communicating hydrocephalus due to aqueductal stenosis, 
who were successfully treated by ETV, were included in the 
study (mean ± SD age, 63 ± 10 years [48–78]). The subjects 
underwent the same MR exam before and after surgery.

Magnetic Resonance Imaging was performed on a 3  T 
Signa HDx MR scanner (GE Healthcare, Milwaukee, WI, 
USA). In addition to the classical morphological MRI 
sequences, PCMRI and DTI sequences were added to the 
standard radiological protocol (Fig. 1).

DTI data were acquired along 12 directions using a 
128 × 128 matrix and a b-value of 1000 s/mm2. Regions of 
interest (ROI) were manually delineated in the corona radi-
ata (CR) and the genu of the corpus callosum (CC). DTI 
parameters were then processed using Functool Software 
(GE healthcare) on a dedicated vendor console. Three eigen-
values (L1, L2, L3), obtained after diagonalization of the dif-
fusion tensor, permitted calculation of the apparent diffusion 
coefficient (ADC) and the fractional anisotropy (FA) coeffi-
cients, defined as follows:

 – ADC = (L1 + L2 + L3)/3
 – FA  =  {(3/2)[(L1-ADC)2  +  (L2-ADC)2  +  (L3-ADC)2]/

(L12 + L22 + L32)}1/2

PCMRI measurements were performed using a fast 2D 
cine PC sequence with retrospective peripheral gating. 
Thirty-two velocity images covering one cardiac cycle (CC) 
were obtained.
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Measurement planes were placed on sagittal views per-
pendicularly to the presumed direction of fluid flow. For 
CSF, planes were selected at the aqueduct level, C2–C3 spi-
nal level, and at the roof of the third ventricle. For arterial 
blood flow (carotid + vertebral arteries) assessment, the 
plane was set at the C2–C3 level. Post-processing of the 
velocity images was performed using a homemade software 
[10]. ETV success was confirmed after quantification of the 
CSF oscillations through the aperture of the third ventricle 
roof. The same PCMRI measurements were also performed 
in 12 healthy volunteers.

 Statistics

Data were expressed as mean ± SD. Comparison between val-
ues of DTI or flow parameters before and after ETV were per-
formed using Wilcoxon’s test for paired samples. Statistical 
significance was reached for p values inferior to 0.05.

 Results

All patients improved after surgery.

 DTI Analysis

For the WM CR fibers, we observed a significant increase in 
ADC (+15 ± 9%, p < 0.001), while FA significantly decreased 
(−13 ± 8%, p < 0.001) after ETV (Fig. 2).

Fig. 1 Diffusion tensor imaging (DTI) and phase-contrast imaging 
(PCMRI). (a) Sagittal view showing the rectangular slab used for DTI 
acquisition. (b) RGB Cartography of fibers orientations. Regions of 
interest are delineated in the Corona Radiata and the Corpus Callosum 
(arrows). (c, d) Cartography of apparent diffusion coefficient (ADC) 
and fractional anisotropy (FA). Phase contrast MRI (PC-MRI) can mea-
sure CSF and blood flow in the cranio-spinal system during a cardiac 

cycle. (e, f) Classical morphological images. Green lines and red line 
show the levels of PC-MRI acquisitions. One of the planes passes 
through the flow void resulting from the aperture in the third ventricle. 
(g) Grayscale intensities in the arterial and venous vessels crossing the 
slice (red line) at the cervical level. Pixel intensities represent blood 
velocities. (h) Hyper-intensities at the image center represent CSF flow 
velocities in the subarachnoid spaces around the spine
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For the CC fibers, a significant increase in ADC was also 
observed (+15 ± 15%, p < 0.01), while FA did not change 
(+4 ± 13%, p = 0.37) after ETV (Fig. 2).

 Flow Analysis

In one patient, a CSF flow considered as normal was observed 
in the aqueduct of Sylvius after ETV. Mean values of CSF 
and blood flow, before and after surgery, are synthesized in 
Table 1. The mean CSF stroke volume through the third ven-
tricle aperture was five times larger than the average normal 
aqueductal stroke volume. A decrease in cervical CSF oscil-
lations was observed: 594 and 496  μL per cardiac cycle 
before and after ETV, respectively. Concomitantly, a signifi-
cant 15% increase (p < 0.05) in mean cerebral blood flow 
before and after ETV was highlighted (555 and 670 mL/min, 
respectively).

 Discussion

In this study, we explored the impact of endoscopic third 
ventriculostomy on white matter structures, blood flow, and 
CSF oscillations. We observed that MRI can be a useful non-
invasive tool that allowed us to easily study flow of cerebral 
fluids and mechanical stresses of the brain in hydrocephalus. 
Image acquisition can be performed in a limited time, e.g., 
only 10 min for the whole sequence.

After ETV, the CSF flow observed through the third ven-
tricle aperture was larger than a standard aqueductal flow. 
This seems obviously related to the drastically lower resis-
tance to flow offered by this orifice, which therefore generates 
a reorganization of the circulation of cranio-spinal fluids in 
the different compartments. As a result, spinal CSF flow 
decreased, while CBF concomitantly increased after 
ETV. These results could be explained either by an increase in 
the global intracranial compliance or by an ICP decrease, 
which are, in any case, intimately related parameters; indeed, 
by definition, the compliance represents the change in volume 

per unit change in pressure. This compliance gives the intra-
cranial compartment the ability to accommodate to an 
increase in volume without a large increase in intracranial 
pressure. The subsequent CSF recirculation changes also lead 
to a reorganization of the white matter fiber bundles, which is 
supported by the variations of the DTI parameters. The 
increase in ADC for both CC and CR can be interpreted as a 
structural decompression since the water molecules are more 
freely diffusible. This is clearly confirmed by the decrease in 
anisotropy at the CR level, but it remains less obvious at the 
CC level: this could be mainly be explained by the location of 
the fiber structures that may reside near regions with various 
ventricle curvature. Indeed, several authors showed that a gra-
dient of compression is observed in HCA subjects and con-
clude that the mechanical stresses depended on the location 
of the anatomical structure [11, 12].

All the structural changes observed after surgery also 
impact the arterial cerebral inflow, which increases signifi-
cantly. This change may contribute to global enhancement of 
the cerebral perfusion, which corroborates patient improve-
ment after surgery.

In conclusion, PCMRI and DTI can provide useful nonin-
vasive information to evaluate brain biomechanics and help 
neurosurgeons select patients with a good chance to improve 
after ETV and shunt.
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 Introduction

The relationship between intracranial pulse amplitude 
(AMP) and mean intracranial pressure (ICP) has been previ-
ously described [1–3]. In general, AMP increases propor-
tionally to rises in ICP.  Such an increase in AMP can be 
observed particularly often (but not exclusively) if the rise in 
ICP is provoked by controlled cerebrospinal fluid (CSF) vol-
ume increase during the infusion test.

In patients suffering from normal pressure hydrocephalus 
(NPH), we studied the lower breakpoint (LB) of the 
amplitude- pressure relationship below which the pulse 
amplitude stays constant when ICP varies (Fig.  1). 
Theoretically, below this breakpoint, the pressure-volume 
relationship is linear (good compensatory reserve), and 
above the breakpoint it is exponential (brain compliance 
decreasing with rising ICP) (Fig. 2).

As a matter of interest, the amplitude–pressure relation-
ship has two breakpoints. In head-injured patients, when the 
rise in ICP can be much higher than during an infusion test 
(we usually limit a pressure rise to 40 mmHg; after this level 
infusion is terminated), an upper breakpoint can be also seen 
[4]. Above this point, AMP starts to decrease, with mean ICP 
rising further.

 Materials and Methods

Infusion tests performed in 169 patients diagnosed for idio-
pathic NPH (2004–2013) were available for analysis. 
Inclusion: patients had a lumbar infusion test performed 
before surgery, the raw data of ICP were digitally recorded 
(ICM+ software, Cambridge Enterprise Ltd., UK) and avail-
able for post-hoc processing, and the response to shunting 
was assessed in the follow-up clinic.

The lumbar infusion test requires a patient to lie in bed on 
his or her side. The skin should be adequately cleaned. A 
single-wide (gauge 19) lumbar puncture needle is inserted in 
the lumbar CSF space. The pressure transducer and a syringe 
infusion pump are connected through a three-way tap. After 
monitoring baseline pressure for 10 min, the infusion, with a 
constant rate (typically 1.5  mL/min), begins. Pulse ampli-
tude of ICP (AMP) and mean ICP are calculated by com-
puter software and updated with 10 s period. After the test, 
all compensatory parameters (resistance to CSF outflow, 
elasticity, CSF production rate, reference pressure, and sagit-
tal sinus pressure) are calculated. AMP is plotted against 
mean ICP values (as in Fig.  1) and examined (bi-linear 
regression between AMP and ICP) for detection of a LB.

 Results

A lower breakpoint was observed in 62 patients diagnosed 
for NPH. In the majority of cases, therefore, LB cannot be 
seen. It may be interpreted that in those cases the baseline 
ICP was higher than the pressure of the lower breakpoint 
(Plb).

Post-shunting improvement (either permanent or tempo-
rary) in patients in whom a lower breakpooint was recorded 
was 77% versus 90% in patients where LB was not recorded 
(p < 0.02) (Fig. 3).
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In patients with a detected LB, the distance between Plb 
and baseline ICP was lower in patients who improved (no 
improvement: 4.1  ±  2.1  mmHg versus improved: 
1.2 ± 2.7 mmHg; p < 0.02).

Despite a previous report [5], there was no correlation 
between the rate of improvement and the slope of the 
amplitude- pressure characteristic above the LB.

 Discussion

The presence of a lower breakpoing is associated with less 
frequent improvement after shunting in NPH.

It may be interpreted that CSF pressure-volume compen-
satory reserve of patients working on the flat (linear) part of 
the pressure-volume curve is more generous and frequently 
associated with brain atrophy. Atrophy per se is less remedi-
able with shunting.
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The intracranial pressure-volume curve is a mathematical 
model, which is, relatively speaking, seldom identified in 
clinical practice. Fundamental experimental work of 
Zwetnow and Lofgren [6] and of Shapiro and Marmarou [7] 
laid foundations for the current understanding of CSF 
dynamics. Infusion tests give a unique opportunity to follow 
its shape. The amplitude-pressure relationship (or ‘pulsatil-
ity curve’ [2]) is a technique complementary to the pressure- 
volume curve plotting and can be identified in many clinical 
conditions. It is not limited to hydrocephalus.
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 Introduction

Although normal pressure hydrocephalus (NPH) is more 
complex than simple failure of the cerebrospinal fluid (CSF) 
circulation, disturbed CSF dynamics are an important com-
ponent of the disease. The original Katzman-Hussey [1] lum-
bar infusion test was based on Davson’s steady-state model 
of CSF absorption. Marmarou [2] added a dynamic compo-
nent, a computerized model of which was designed at the 
Warsaw University of Technology and used in the Child’s 
Health Centre in Warsaw, Poland in 1985 [3]. Since then the 
procedure has gained in popularity in some centers, but not 
in all. The reason for this is multifactorial: It is considered an 
invasive procedure, it requires specialized hardware and soft-
ware, and the results may be ambiguous, particularly if they 
are compared with clinical improvement after shunting. 
Finally, shunt technology, which remains based on pressure-
passive drainage, may be not be sufficient to correct complex 
CSF circulatory failure in all cases.

 Materials and Methods

Since 1992, 4473 infusion studies have been performed in 
both shunted and non-shunted patients at Cambridge 
University Hospital NHS Foundation Trust, UK.

All shunt-naïve patients had a working diagnosis of pri-
mary or secondary NPH, with documented ventriculomeg-
aly, baseline intracranial pressure (ICP) below 18  mmHg, 
and at least two of the three cardinal symptoms of NPH, 
including gait disturbance. They attended the CSF Clinic, 
and an infusion test was indicated as part of their workup 
according to hospital protocols and in line with the National 
Institute of Clinical Excellence guidelines. All patients were 
provided with appropriate information and signed individual 
consent forms. In shunt-naïve patients, access was gained 
either via lumbar puncture (LP) or via a previously placed 
Ommaya reservoir (this is a reservoir placed under the scalp 
alone, with no associated shunt). Connection of a fluid-filled 
pressure transducer (Edwards LifesciencesTM) and pressure 
amplifier (Spiegelberg or Philips) to the LP needle facilitated 
pressure recording at a frequency of 30–100 Hz, with subse-
quent processing by software called ICM+ (University of 
Cambridge Enterprise Ltd). Once adequate CSF pressure 
with a detectable pulse waveform was recorded, baseline 
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measurements were taken for 10 min, followed by infusion 
of Hartmann’s solution at 1.5 mL/min until the pressure had 
plateaued for 5–10  min or had increased to 40  mmHg, at 
which point the infusion was stopped as a safety measure. 
The total duration of the infusion test was approximately 
30–45 min.

Shunt-infusion studies were performed with two needles 
inserted into a pre-chamber for CSF pressure recording and 
CSF infusion. After baseline pressure recording, constant 
rate infusion was started until a new plateau was reached. 
ICM+ software contains the shunt’s resistance characteris-
tics. It compares them to the measured baseline CSF pres-
sure and its amplitude, outflow resistance, and critical shunt 
pressure.

 Results

Our Cambridge single center experience may be summa-
rized as follows:

• The CSF infusion test is safe. There were no serious com-
plications over 25 years. The infection rate was less than 
1% in the years 1999–2015, and according to a very 
recent internal audit (2016–2018), there were no infec-
tions associated with a test at all.

• Knowledge of compensatory parameters helps in making 
decisions about the patient’s management. Increased 
resistance to CSF outflow (Rout) is positively correlated 
with better outcome following shunting (p < 0.014; based 
on a study done in a sample of 310 patients with NPH and 
known follow up of shunt improvement: 79% improved, 
21% did not improve [4]). The optimal threshold for 
increased Rout, which maximizes the improvement rate 
after shunting, is 13 mmHg/(mL/min) [4]. The inclusion 
of a correction for age (elderly patients should have a 
greater threshold), and for autoregulatory capacity, 
increases the sensitivity and specificity of outcome pre-
diction (according to recent studies presented during the 
ICP 2019 symposium).

• In adults, Rout increases with age, while the estimated 
CSF production rate decreases (p < 0.0001). Elasticity of 
the CSF space also increases with age. The full set of data 
is available in Czosnyka et al. [5].

• The response to shunting in our center has improved over 
the past 25 years (R = 0.205; p < 0.0003) from 62% to 
nearly 90% at present (Fig. 1).

• In shunted patients, a reservoir infusion study helps to 
assess shunt function objectively and therefore avoids 
unnecessary revisions [6]. Yearly savings are estimated to 
amount to £one million, according to a paper accepted by 
Acta Neurochirurgica (2020).

• Defective CSF dynamics may coexist with cerebrovascu-
lar disease. In such cases both may contribute to a poor 
clinical status [7]. It has been shown that in patients with 
normal CSF circulation (Rout<10  mmHg/(mL/min)), 
global autoregulation of CBF, as estimated with transcra-
nial Doppler, was worse (p < 0.02) than in patients with 
increased Rout (>13 mmHg/(mL/min)).

• In adults with idiopathic NPH, white matter cerebral 
blood flow (CBF) as estimated with PET imaging 
decreases toward the surface of the lateral ventricles. 
Autoregulation of CBF is also worse in this region 
(Fig. 2). This may reflect a reversal of the transependymal 
CSF flow (increased mean diffusivity) and its interference 
with periventricular CBF [8, 9].

• During increase and subsequent decrease of CSF pressure 
using a constant rate of infusion, the cerebrospinal 
pressure- volume curve shows hysteresis (Fig. 3) [10]. The 
width of the hysteresis positively correlates with cerebro-
spinal elasticity (p < 0.0032).

• Even a low elevation of CSF pressure (up to 20 mmHg) 
during the infusion study tends to increase arterial blood 
pressure and heart rate variability (p < 0.05) [11]. This is 
probably related to a central neuronal baro-sensitivity, 
suggesting the presence of an intracranial baroreflex [12]. 
The possible interplay between hypothalamus, basal gan-
glia, and NPH needs further study.

 Discussion

Normal-pressure hydrocephalus is one of the very few 
reversible causes of dementia. Studies of CSF dynamics con-
tinue to advance our management of patients and the under-
standing of their pathophysiology. The definition of what 
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constitutes a normal CSF circulation [13] is evolving. Phase- 
contrast MRI, when combined with pressure and flow 
dynamics [14], promises to produce a more precise delinea-
tion of normal and abnormal CSF compensation and circula-
tion. Importantly, noninvasive methods such as MRI [8] will 
permit long-term serial studies to identify how NPH devel-
ops and how effective pressure-passive shunts are at correct-
ing CSF dynamics in relation to cognition and gait.

A comprehensive interdisciplinary approach is required.
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 Introduction

Hydrocephalus patients complain about symptoms related to 
weather changes, especially changes in atmospheric pressure 
(pat). The symptoms described when the pressure decreases 
are comparable to those caused by intracranial hypotension. 
Weather changes associated with rising atmospheric pres-
sure also cause complaints from these patients. The aims of 
this study were to identify physical, physiological, and 
pathophysiological effects that explain the described 
symptoms.

To this end, we established the following hypothesis: 
Arterial CO2 partial pressure (paCO2) is influenced by pat, 
causing autoregulatory changes in the diameters of cerebral 
arteries. Changes in cerebral arterial diameter affect the 
intracranial blood volume and, consequently, ICP is altered. 
In hydrocephalus patients with reduced craniospinal compli-
ance, the described dependence is amplified.

The typical difference in pat between a high-pressure 
weather system and a low-pressure system is in the range of 
50  hPa, as can be seen in any weather chart. To result in 
noticeable effects as described by patients, a change in pat of 
50 hPa should result in a change in ICP of >1 mmHg.

 Methods

We consulted the literature for data on the dependence of 
paCO2 on pat, and found data in Furian et al., Fan et al. and 
Crapo et al. [1–3]. For data points for which the atmospheric 
pressures were not provided, we calculated them from the 
elevations using the barometric formula [4].

We measured paCO2 capnometrically on six healthy volun-
teers under varying pat. Variation in pat of approximately 50 hPas 
was achieved by change in elevation on a route from Zurich 
(elevation 490  m) to Einsiedeln (elevation 933  m). Written 
informed consent was obtained from the volunteers before par-
ticipation in the study. We measured atmospheric pressure with 
a barometer (Manufacturer: Eurochron, Germany, REF: 
IB9015). Then we measured end-tidal CO2 (etCO2) as a surro-
gate for paCO2 for 10 min at a sample rate of 1/s. For each 
volunteer we compared etCO2 before and after each change in 
pat. To assess whether the resulting change in etCO2 was signifi-
cant, we performed a Mann- Whitney U test. We then deter-
mined the slope of the etCO2 vs. pat relationship for each 
observed change in pat and the resulting change in etCO2.

Finally, we estimated the effect of the change in pat on 
intracranial pressure (ICP). From the published data and our 
measurements, we quantified the relationship of ICP vs. pat 
to assess whether symptoms reported by hydrocephalus 
patients during weather changes could be caused by changes 
in ICP as a result of changes in pat of approximately 50 hPa.

 Results

Published values for paCO2 at different elevations are given 
in Table 1, along with measured or calculated atmospheric 
pressures. The data are further illustrated in Fig. 1.

Our own measurements yielded twelve pairs of data points 
on the change of etCO2 with change of pat by  approximately 
50 hPa. In eleven of these pairs, there was a significant differ-
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ence between the etCO2 values at either elevation (p < 0.05) 
with a positive ratio etCO2/pat. Table 2 shows the results. The 
mean ratio etCO2/pat was 0.089, which is higher than the ratio 
described in Furian et al., Fan et al. and Crapo et al. [1–3], but 
still in the same order of magnitude.

Relying on the published data summarized in Fig. 1 and 
Table 1, we obtain

 DpaCO at2 0 033= ·. .Dp  (1)

With Δpat = 50 hPa substituted into Eq. (1) we determine

 DpaCO hPa2 1 65= . . (2)

While it is well known that ICP depends on paCO2, there 
is no direct quantitative relationship given in the literature. 
However, for CO2 breathing tests, the resulting change of 
paCO2 vs. the volume-percentage of CO2 (%CO2) in the 
breathing gas is indicated in Diehl et al. [5] to be

 DpaCO kPa CO2 22 3= . / % . (3)

Furthermore, in Puppo et al. [6], the resulting ΔICP vs. 
the volume-percentage of CO2 in the breathing gas is indi-
cated to be

 

DICP mmHg CO
in patients with normal compliance

= 0 43 2. / %
 (4)

and

 

DICP mmHg CO
in patients with reduced compliance

= 2 29 2. / %
.  (5)

Substituting the value for ΔpaCO2 from Eq. (2) into Eqs. 
(3) and (4) results in

 DICP mmHg with normal compliance= ( )0 3. . 

Substituting the value for ΔpaCO2 from Eq. (2) into Eqs. 
(3) and (5) results

 DICP mmHg with reduced compliance= ( )1 65. . 

Performing the same calculations but using as input 
our own experimental data summarized in Table  2, we 
obtain changes in ICP that are approximately three times 
as large.

Table 1 paCO2 at different elevations

Elevation pat paCO2 Elevation pat paCO2 ΔpaCO2/Δ pat Source

(m) (hPa) (hPa) (m) (hPa) (hPa)

0 1013.3* 56.0 5050 536.6* 38.7 0.036 [2]

760 925.23* 52.0 3100 692.3* 46.0 0.026 [1]

0 1005.25 49.8 1400 859.9 44.5 0.037 [3]

0.033 Mean

Data from [1–3]. Each row corresponds to one experimental condition where measurements were first made at a low elevation (first column) and 
then at a high elevation (fourth column). pat values calculated using the barometric formula are marked by *
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Fig. 1 Arterial partial pressure (paCO2) vs. atmospheric pressure (pat). Literature data [1–3]
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 Discussion

Our calculations, based on both published and our own data, sup-
port the hypothesis that ICP is influenced by changes of intracra-
nial blood volume caused by autoregulatory changes in arterial 
diameter as a reaction to changing levels of paCO2 due to changes 
in pat. A decrease of atmospheric pressure would result in a 
decrease of intracranial pressure, possibly explaining the overd-
rainage-like symptoms described by patients. An increase of 
atmospheric pressure would result in an increase of intracranial 
pressure, possibly explaining overpressure symptoms.

Very limited data could be found in the literature on the 
association between pat and paCO2 (six data points). 
Likewise, the quantification of the well-known dependence 
of ICP on paCO2 is only sparsely described in the literature 
(one publication, 13 patients).

We assumed linear relationships for our approximate cal-
culations. Our own experiments resulted in only 12 observa-
tions of etCO2 vs. pat and they cannot be considered 
exhaustive. More experiments and possible determination of 
other factors that might have an influence on paCO2 could 
shed further light on the interrelation between ICP and pat.

 Conclusion

Variations of pat of 50  hPa typically observed during 
weather changes may result in a change of ICP of 
>1.65 mmHg in patients with impaired compliance. This 

Table 2 Capnometrically measured end-tidal CO2 (etCO2) and atmospheric pressure (pat) at different elevations on six healthy volunteers

Observation no. Pers. no. Elevation pat etCO2 Elevation pat etCO2 etCO2/pat

(m) hPa hPa (m) hPa hPa

1 1 490 947.7 61.62 933 904.0 53.10 0.195

2 1 933 904.0 53.10 490 947.4 59.21 0.141

3 7 490 947.7 44.57 933 904.0 43.98 0.014

4 7 933 904.0 43.98 490 947.4 51.91 0.183

5 8 490 947.7 49.85 933 904.0 48.53 0.03

6 8 933 904.0 48.53 490 947.4 50.08 0.036

7 9 490 947.7 45.88 933 904.0 46.63 −0.017

8 9 933 904.0 46.64 490 947.4 50.19 0.082

9 10 490 947.7 49.45 933 904.0 42.21 0.166

10 10 933 904.0 42.21 490 947.4 46.45 0.098

11 4 490 930.3 55.03 933 880.3 51.16 0.077

12 1 933 889.5 54.62 490 942.2 58.02 0.064

Mean 0.089

Person number (Pers. no.) is the identifier of the respective volunteer from a pool of volunteers. Each row corresponds to one experimental condi-
tion where measurements were first made at one elevation (second column) and then at another elevation (fifth column). For all but observation no. 
7, the Mann-Whitney test resulted in p < 0.05 when applied to the respective change in etCO2

might explain weather-related symptoms reported by 
hydrocephalus patients.
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 Introduction

Pseudotumor cerebri (PTC) is a syndrome caused by an 
increase in intracranial pressure (ICP) with normal cerebro-
spinal fluid (CSF) morphologic and cytochemical charac-
teristics, without evidence of parenchymal injury in 
imagenologic studies.

The incidence of this medical condition is relatively 
frequent. In the general population it is around 0.9 per 
100,000 persons. It is more frequent in women (approxi-
mately 8:1) at fertility ages, who present with obesity or 
weight increase during the last year, and who exhibit 
smoking and polycystic ovary syndrome. When obesity 
was considered, this increased to 13–15/100,000 for 
women 20–44 years of age who were 10% or more over 
ideal weight [1]. Furthermore, the incidence became 
19.3/100,000 for women in the same age range when they 
were 20% or more over ideal weight. No single theory has 
been able to provide a comprehensive answer, and there is 
no consensus about the exact cause of PTC. Most of the 
evidence suggests increased resistance to CSF outflow as 
being pivotal to the syndrome [2–4].

PTC can be primary or secondary. In the first case, there 
is not an established pathophysiologic mechanism. In the 
second case, the pathophysiology is known. It can be sec-
ondary to drugs, venous sinus thrombosis, or other medical 
conditions.

Diagnosis is based on modified Dandy’s criteria [5]:

 1. Intracranial hypertension (ICH) symptoms such as head-
aches, nausea, vomiting, visual deficit, papilledema.

 2. Absence of neurological focal signs.
 3. Increased CSF pressure with normal cytochemical 

characteristics.
 4. Normal or diminished size of cerebral ventricles.

Magnetic resonance imaging (MRI) helps to confirm or 
discard (extensive intracranial processes and ventricular dis-
turbances leading to hydrocephalus) ICH causes. It also 
shows suggestive imaging characteristics [6, 7].

Chiari malformation is an anomaly characterized by the 
ectopia of tonsils, which are descended below the Foramen 
Magnum. This medical condition can be subdivided in pri-
mary or secondary cases. The former is congenital, and it 
has different genetic alterations based on embryonic devel-
opment. Secondary conditions are due to cranioencephalic 
disproportion, chronic infratentorial space volume decrease, 
or cerebrospinal fluid leak leading to spinal liquor hypoten-
sion [8].

 Case Report

A 26-year-old obese female patient was diagnosed with a 
superior sagittal and transverse sinus thrombosis with 
venous infarction in February 2012. No particular thrombo-
philic disorder was found responsible. In the next 6 months 
anticoagulation with warfarin was indicated but no 
improvement occurred. She developed progressive visual 
acuity impairment with peripheral campimetry deficit and 
fundoscopy papilledema. Lumbar puncture confirmed CSF 
hypertension (38  cm H2O) compatible with ICH, and the 
patient was diagnosed with a secondary PTC syndrome. 
Cerebral digital subtraction angiography showed incom-
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plete sinus recanalization despite anticoagulant treatment. 
A lumbo-peritoneal shunt (LPS) was inserted. In 2013 
symptoms recurred and a pseudo-Chiari malformation was 
diagnosed with MRI, showing 17  mm tonsillar descent. 
Intracranial hypotension as a complication of LPS was sus-
pected. The LPS was removed and the cerebellar tonsils 
partially ascended, from 17 to 11 mm. After a short period 
of time without symptoms, she started to suffer from head-
aches and dizziness. A 30-min transcranial Doppler (TCD) 
monitoring session, including changing the height of the 
head of the bed, was performed in June 2018. TCD moni-

toring was started with the patient in a horizontal position 
and with the head of the bed elevated 45°. When the head of 
bed was lowered to 0°, dizziness and tinnitus appeared at 
the same time as a decrease in Cerebral Blood Flow Velocity 
(FV) and an increase in pulsatility index (PI) with the ultra-
sonographic characteristics of a plateau wave of ICH, last-
ing for 6 min.

A ventriculo-peritoneal shunt (VPS) was inserted, after 
which the patient began to improve clinically. Studies also 
showed signs of resolution. Specifically, the right visual field 
made a significant recovery (Figs. 1, 2, and 3).

October 2014 January 2017 November 2018

Fig. 1 Brain Magnetic Resonance Images in October 2014, January 2017 and November 2018
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 Discussion

Cerebral venous thrombosis is a well-known cause of 
Secondary PTC Syndrome [9]. Usually, anticoagulation 
facilitates thrombus resolution and venous circulation nor-
malizes. Although a strict nutrition plan with weight reduc-
tion and targeted INR (2–3) were achieved, our patient did 
not respond to these measures and developed ICH. Typically, 
bilateral visual field compromise appeared, leading the neu-
rosurgery team to indicate an LPS. Intracranial hypotension 
developed as an LPS complication, with a 17-mm transfo-

raminal downward cerebellar (tonsillar) herniation (Pseudo- 
Chiari Malformation); therefore, LPS was removed. 
Symptomatology reappeared after removing the LPS, lead-
ing to high risk of bilateral visual field compromise and 
blindness. A noninvasive TCD continuous neuromonitoring 
was performed. Interestingly, the trigger maneuver (lowering 
the head of the bed) was critical to reach the final diagnosis. 
We hypothesize that when the position of the head of the bed 
was changed to zero, the descended cerebellar tonsils, 
already obstructing CSF flow at the cranio-cervical junction, 
would change their position, increasing the obstruction to 
CSF passage and thus generating ICH.

Fig. 2 Time sequence plot of cerebral blood flow velocity (FV) and pulsatility index (PI) evolution during changes in head of bed position (in 
green and orange bars). Upper line: FV raw signals; middle panel: FV mean; Bottom panel: PI

Transcranial Doppler Plateau Wave in a Patient with Pseudo-Chiari Malformation
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This 30-min totally noninvasive monitoring session 
highly suggested ICH during changes of head of bed height 
(trigger maneuver) and helped the neurosurgeon to decide on 
surgery. Considering the short time period required for TCD 

neuromonitoring (30–60 min including a trigger maneuver), 
use of this process rather than a standard TCD study could 
add interesting data in difficult clinical scenarios [10].
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 Introduction

Complex hydrocephalus remains one of the major challenges 
of neurosurgical practice. Patients with this condition often 
have multiple admissions and procedures to assess and opti-
mize shunt function. Historically these patients had multiple 
shunt revisions and valve adjustments with a high associated 
risk of morbidity due to infection, malposition, and block-
age. The assessment of shunt function on purely clinical and 
radiological grounds is notoriously unreliable in this group 
of patients. Ventricular caliber may not always increase when 
there is shunt dysfunction and many of these patients also 
have a chronic headache disorder unrelated to their hydro-
cephalus. Intracranial pressure (ICP) monitoring can be used 
to assess shunt function and aid in the process of determining 
optimal valve settings. Traditional cabled monitors require a 
new surgical procedure with its risk of intraparenchymal 
hemorrhage and infection. In addition, the period of moni-
toring is limited and requires connection to a recording 
device. Telemetric ICP monitors have been developed to 
overcome some of these challenges. The device can remain 
in situ for several months and this can allow for multiple 
periods of shunt assessment and adjustment. Some neurosur-
geons would use a one-off reading to exclude shunt dysfunc-
tion in situations where there is uncertainty about the clinical 
presentation. We sought to determine whether short record-
ings were reflective of longer periods of monitoring and 
thereby assess the safety of one-off measurements.

 Materials and Methods

We identified patients who had telemetric ICP monitors 
inserted between 2016 and 2019 at a single institution. Under 
a general anesthetic we made a frontal incision, performed a 
craniostomy, punctured the dura, and inserted an intraparen-
chymal Raumedic® telemetric ICP probe. The wound was 
closed, and the device was read to ensure it was functioning 
correctly. Data was downloaded from the device using 
Raumedic® datalog software, and this was subsequently pro-
cessed using a custom python script. The data sampling fre-
quency was one point per second. The first 60 s of continuous 
recording were compared to the overall trace for mean, 
median, maximum, and minimum values using the Wilcoxon 
signed rank test. The data was analyzed using R.

 Results

Eleven patients were identified who underwent thirty periods 
of ICP recording. Seven were female and four were male. 
The median age at time of recording was 14.2 (range 
2.4 years to 46.2 years). The underlying etiology of the CSF 
disturbance was idiopathic intracranial hypertension (IIH) in 
four, arachnoid cyst in two, spina bifida in two, one patient 
had a craniopharyngioma, one had Pfeiffer’s syndrome, and 
one had aqueduct stenosis. The clinical indication for moni-
toring was for shunt assessment in 17 (57.7%), post new tele-
metric monitor insertion in six (16.7%), four post removal of 
shunt to assess shunt independence (13.3%), and three for 
investigation of IIH (10%). There were no complications of 
telemetric device insertion. The median length of the overall 
recording was 17.3 h (range 139.4 min to 41.4 h). The median 
value and interquartile ranges for the series of median ICP, 
mean ICP, maximum ICP, and minimum ICP for the full 
study and the first 60 s of continuous recording are shown in 
Table  1. The median ICP for the full recordings was 
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2.33 mmHg compared with −2.42 mmHg for the first 60 s of 
recording (p = 0.0018). The mean ICP for the full recordings 
was 2.8 mmHg compared with −2.42 mmHg for the first 60 s 
of recording (p = 0.0016). The median of the maximum val-
ues of ICP for the full recordings was 15.2 mmHg compared 
with −0.45 mmHg for the first 60 s of recording (p = <0.001). 
The median of the minimum values of ICP for the full record-
ings was −8.8 mmHg compared with −1.25 for the first 60 s 
of recording (p = <0.001). Following the period of ICP moni-
toring the trace was felt to be reassuring in 24 instances of 
recording, and six patients had their programmable shunt 
valve setting changed. The telemetric ICP recording caused 
no suspicion of shunt dysfunction in any of the patients.

 Discussion

ICP monitoring remains an essential assessment tool for 
any neurosurgical service; it has a wide range of indica-
tions, including the management of severe head injuries, as 
well as in the diagnosis and management of more chronic 
neurosurgical conditions. Despite their usefulness in clini-
cal assessment, traditional cabled intracranial pressure 
monitors have significant limitations. They do not allow for 
extended periods of monitoring because there would be sig-
nificant concerns about introducing infection. Each admis-
sion for assessment would require a new general anesthetic 
and new insertion of a probe with its associated risk of 
infection and intraparenchymal hemorrhage. The first pre-
liminary design report of a telemetric ICP monitor came in 
1977 [1], but it is only over the past decade that the neuro-
surgical community has embraced the use of these devices. 

More recent reports in the literature suggest that these 
devices are being used mainly in the management of com-
plex hydrocephalus. Although all our patients were inpa-
tients for their ICP monitoring, there are also reports in the 
literature of the device being used in the patients’ home or 
school [2, 3]. This allows the assessment of these complex 
patients in their usual environment and may reduce the 
amount of time spent in hospital. This is of great benefit 
because many of these patients miss much time in school or 
at work. Many of the reports of the use of telemetric devices 
seem to support the one-off measurement of ICP when 
guiding shunt valve adjustment or even as a way to avoid 
hospital admission where there is diagnostic uncertainty [3, 
4]. In our study we found that even a measurement lasting 
60 s was not reflective of the overall trace, and as such we 
feel it would be unsuitable for clinical decision- making. 
This was statistically significant for median, mean, maxi-
mum, and minimum values. Although most of our patients 
were discharged, 20% had valve adjustments made based 
on their overall recording.

The limitation of this work is the small number of patients 
and the fact that none of our patients went on to require shunt 
revision based on their telemetric recording. In the setting of 
a completely blocked shunt the ICP reading should be high; 
even as a one-off recording. Overall, we feel that telemetric 
devices are extremely useful in the management of complex 
hydrocephalus and IIH, but the readings should be continu-
ous to achieve the most accurate picture of the underlying 
pathophysiology.
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Table 1 ICP values comparing the full study with the first 60 s of con-
tinuous recording

Full study (n =30) 
IQR median (low, 
high)

60 s (n = 30) 
IQR median 
(low, high)

Z-score (p 
value)

ICP Median 
(mmHg)

2.33 (−5.19, 8.04) −2.42 (−8.51, 
4.16)

2.91 
(0.0018)

ICP Mean 
(mmHg)

2.80 (−5.28, 8.29) −2.42 (−8.51, 
4.16)

2.94 
(0.0016)

ICP Max 
(mmHg)

15.20 (9.08, 23.03) −0.45 (−7.53, 
10.15)

4.39 
(<0.001)

ICP Min 
(mmHg)

−8.80 (−16.88, 
−4.20)

−1.25 (−7.65, 
8.58)

−4.62 
(<0.001)

The Z-score and p value were determined using the Wilcoxon signed 
rank test
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 Introduction

Idiopathic intracranial hypertension (IIH), also called 
pseudotumour cerebri [1], usually occurs in obese women 
of childbearing age. The typical symptoms are headache, 
sight disorders, and vertigo. Besides ophthalmoscopy and 
MRI, lumbar puncture is a common procedure in IIH. It is 
used for both diagnosis, by assessing the lumbar pressure 
(LP) through height of column of cerebrospinal fluid 
(CSF), and for therapy, by draining some volume of 
CSF. Due to its invasive and painful nature, lumbar punc-
ture is not always tolerated by patients. In this study, non-
invasively assessed intracranial pressure (nICP) (Fig.  1) 
was used as a surrogate metric for LP. Comparison to LP 
should clarify the suitability of nICP assessment for diag-
nosis of IIH. nICP was calculated using continuous mea-
sures of noninvasive arterial blood pressure and flow 
velocity of middle cerebral artery (CBFV), a method pre-
viously introduced [2] and validated by the authors [3–6] 
in patients with traumatic brain injuries.

 Materials and Methods

 Patients

In this prospective, ongoing study, thirteen patients with sus-
pected IIH (f  =  11, m  =  2; age  =  36  ±  10  years) treated 
between 2017 and 2019  in Chemnitz Medical Centre have 
been included so far. nICP was assessed 1 h prior to lumbar 
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TCD characteristics
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w= (w0, w1, ..., wm)

w A tcd + B*~~

A (n + 1) x (m + 1) matrix
B   n + 1- dim. vector

n

k=0

Fig. 1 Calculation of nICP. From measured CBFV and ABP the TCD 
characteristics are derived and multiplied with a matrix A. After adding 
vector B this results in the ABP → ICP impulse response, a function 
which transforms the ABP signal into the nICP signal. The TCD char-
acteristics essentially consist of ABP → CBFV impulse response 
together with additional ICP related parameters. Matrix A and vector B 
have been formerly calculated using a signal database of approximately 
200 reference patients (traumatic brain injuries: ~75%, stroke and other 
non-traumatic brain diseases: ~25%). The stored signals consisted of 
CBFV, ABP, and ICP (invasively assessed by intraparenchymal or intra-
ventricular pressure probes). Multiple regressions were used to express 
the relationship between TCD characteristic and ABP → ICP impulse 
response in terms of A and B
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puncture. If LP was above 20 cmH2O (~15 mmHg) a lumbar 
drainage of 10–30 ml of CSF was performed. LP was then 
measured again, immediately after drainage, and nICP was 
reassessed 2 h later.

The study was approved by the Local Ethics Committee. 
All patients agreed to participation to the study by informed 
consent. Lumbar puncture was part of the clinical routine in 
cases of suspected IIH.

 Monitoring

CBFV was assessed by transcranial Doppler (TCD) ultra-
sound technique. A two-MHz pulsed Doppler device 
(Multidop-P, DWL, Sipplingen, Germany) was used for 
bilateral assessment of TCD signal. ABP was continuously 
measured, noninvasively, with a tonometric sensor device 
placed on radial artery (Colin CBM 7000, ScanMed 
Medical Instruments, Moreton-in-Marsh, UK), which regu-
larly calibrates by a standard arm cuff using oscillometric 
techniques [7]. A personal computer fitted with data acqui-
sition systems (Daq 112B, Iotech, Inc., Cleveland, OH, 
USA) and software developed in-house [2] was used for 
recording and analyzing TCD and ABP signals and for cal-
culation of nICP.

 Results

Due to measured high LP (above 20  cmH2O), immediate 
lumbar drainage was performed in eight patients. In six of 
these patients LP was measured again directly after the 
drainage and compared to nICP, which was reassessed 2 h 
later. In three patients, one additional assessment of nICP 
versus LP was performed during control visits with time lags 
of 3 weeks, 3 months, and 9 months between initial and con-
trol assessments. In total, 22 data pairs of LP and nICP were 
compared. They correlated with R = 0.82 (p < 0.001; N = 22). 
Bivariate normal distribution was tested by Mudholkar test 
(p  =  0.08; N  =  22). Mean difference of ICP-nICP was 
0.8 ± 3.7 mmHg, mean absolute difference was 3.0 mmHg. 
Presuming 15 mmHg as critical threshold for a need of lum-
bar drainage, the clinical implications would have been the 
same in both methods in 20 of 22 cases (Fig. 2).

 Discussion

The nICP showed a good agreement with LP pressure read-
ings in terms of absolute pressure values. Moreover, both 
methods largely coincide if used as a diagnostic tool for indi-
cation of CSF drainage. In view of its suitability to indicate 
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Fig. 2 LP versus nICP in 22 cases of 13 patients. LP significantly cor-
relates with nICP with R = 0.82 (p < 0.001). The red lines highlight the 
critical threshold of 15 mmHg for clinical indication of lumbar drain-

age. The dots which are either in area upper right or lower left represent 
cases with concordant clinical implications in both methods. In only 
two cases the results were contradictive
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both increased as well as normal ICP, it was important to 
compare nICP to LP before and, if applicable, after lumbar 
drainage, when ICP had decreased to normal values. 
Decrease of ICP causes a change of status in the investigated 
system; therefore, both observations could be assumed to be 
independent.

 Limitations

The number of patients included in the study is small. More 
patients need to be included to enable more solid 
conclusions.

In some patients we also insonated the optic nerve sheath 
and estimated its diameter (ONSD) as a well-known ICP- 
sensitive parameter [8]. Up to this point, however, this has 
not been done systematically, so we did not mention any 
results here. Further exploration of this issue will be subject 
to the ongoing study. In three patients, LP and nICP assess-
ment was repeated after readmission. Due to large time lags 
between their visits, the cases were treated as independent 
cases in our evaluation.

 Conclusion

TCD-based assessment of ICP seems to be a promising 
method for a pre-diagnosis of increased LP, which might pre-
vent the need for an invasive lumbar puncture in cases of low 
nICP.  Moreover, the method might allow patient-friendly 
long-term monitoring. Further study is necessary to increase 
the number of included patients.

Conflict of Interest B.S. and M.C. have financial interest in a part of 
licensing fee for noninvasive ICP plugin of ICM+ software.
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 Introduction

Skull base cerebrospinal fluid (CSF) leaks can result from 
cranio-facial trauma or from skull base surgery. Endoscopic 
endonasal skull base surgery (ESBS) for minimally invasive 
resection of skull base tumours, using the nasal fossae path-
way, often requires a concomitant meningeal resection (when 
the tumour has an intracranial extension or adherence the 
dura). In such cases, cerebrospinal fluid (CSF) leaks may 
occur and must be closed at the same time. ESBS is also used 
to manage spontaneous or traumatic CSF leaks.

Surgical options to repair skull base osteomeningeal 
defects are numerous and have been widely described, 
including local pedicled flaps [1], free flaps [2], and autolo-
gous [3] or synthetic [4] grafts. The major principle is to 
achieve a watertight closure that can also support the brain 
(and avoid brain sagging) in the case of extensive skull base 
defects. Many clinical factors may influence the success rate 
of the reconstruction. Surprisingly, the influence of postural 
adaptation of intracranial pressure (ICP) [5, 6] has been 
rarely discussed in this context.

In this study we aimed to gather the opinion of skull base 
surgeons on postoperative posture restrictions of patients 
treated for skull base CSF leaks, and to evaluate their rele-
vance from a physiological point of view.

 Materials and Methods

An anonymous opinion survey on postoperative manage-
ment of patients managed with ESBS was created in 
December 2018, then reviewed and accepted by the board of 
the French Association of Rhinology (AFR). An electronic 
questionnaire (Google Form, Google, Mountain View, 
California, U.S.A.) was submitted by e-mail to AFR mem-
bers and to French College of Neurosurgery members in 
January 2019 and March 2019, respectively. This consisted 
of a single mail-out with no reminders sent subsequently. 
Responses from January 2019 through April 2019 were 
aggregated using Excel 2010 software (Microsoft Corp., 
Redmond, Washington, U.S.A.).

Statistical analysis was performed to determine if signifi-
cant differences existed between the proportions or means of 
response data. A free website (https://biostatgv.sentiweb.fr/) 
was used for all data analysis. Descriptive statistics were 
used to analyse demographic data of respondents, case num-
bers, and proportions of various practice patterns. Continuous 
variables were described using means while categorical vari-
ables were presented as frequencies/percentages. Univariate 
analyses were conducted using two-tailed independent sam-
ple t-tests or Fisher’s exact tests, as applicable. For all tests, 
P values <0.05 were considered as statistically significant.

This study was approved by the institutional review board 
of the Montpellier University Hospital (2019_IRM- 
MTP_10- 12) and was registered on clinicaltrials.gov 
(RECHMPL19_0468).
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 Results

Thirty-nine surgeons completed the electronic survey in its 
entirety: 28 rhinologists and 11 neurosurgeons. The response 
rate was 28.2% of the AFR members; it was not possible to 
estimate the response rate among the French neurosurgical 
community (survey submitted through the domain @neuro-
chirurgie.fr that accounts for approximately 600 addresses, 
with no possibility of knowing how many of these are rou-
tinely used). The demographic data for respondents are pre-
sented in Table 1. Postoperative CSF leak management was 
formally protocoled in 25.7% (written protocol, n = 10), pro-
tocoled but non-written in 35.9% (n  =  14), and non- 
protocoled in 38.4% (n  =  15). Only 7.7% (n  =  3) of 
respondents never recommended a resting position regard-
less of the size or site of the leak. 46.15% (n = 18) systemati-
cally recommended a resting position following an ESBS 

CSF leak closure and 46.15% (n = 18) recommended a rest-
ing position according to the size or site of the leak.

 Resting Position

The resting positions that were recommended, according to 
the location and size of the leak, are summarized in Table 2. 
Most of the respondents recommended a half-sitting position 
(Fowler’s position) for all categories of CSF leak: 16/39 for 

Table 1 Demographic data of respondents
Rhinologists
n (%)

Neurosurgeons
n (%)

Total
n (%)

N 28 (100%) 11 (100%) 39 (100%)

Country

France 25 (89.3%) 11 (100%) 36 (92.3%)

Switzerland 1 (3.6%) 0 (0%) 1 (2.6%)

Belgium 1 (3.6%) 0 (0%) 1 (2.6%)

Marocco 1 (3.6%) 0 (0%) 1 (2/6%)

Practice

University 
Hospital

24 (85.7%) 11 (100%) 35 (89.7%)

Public Non-
Academic Hospital

2 (7.1%) 0 (0%) 2 (5.13%)

Private practice 1 (3.6%) 0 (0%) 1 (2.6%)

Private/public 
practice

1 (3.6%) 0 (0%) 1 (2.6%)

Otorhinolaryngology and Neurosurgery Units

Yes—same 
building

11 (39.3%) 8 (72.7%) 19 (48.7%)

Yes—other 
building

11 (39.3%) 3 (27.3%) 14 (35.9%)

No 6 (21.4%) 0 (0%) 6 (15.4%)

Experience in endoscopic skull base surgery

<5 years 5 (17.9%) 3 (27.3%) 8 (20.5%)

5–9 years 6 (21.4%) 3 (27.3%) 9 (23.1%)

10–14 years 4 (14.3%) 2 (18.2%) 6 (15.4%)

15–19 years 2 (7.1%) 2 (18.2%) 4 (10.3%)

20 years or more 11 (39.3%) 1 (9.1%) 12 (30.8%)

Table 2 Duration and type of resting position according to the site and 
size of the leak

NoN (%)
Supine 
N (%)

Fowler’s 
positionN 
(%)

Sitting 
N (%)

Total of 
respondents

Small 
CSF 
leaks of 
the ASB

16 (41%) 6 
(15.4%)

16 
(41.0%)

1 
(2.6%)

39

24 h NA 0 5 1 
(2.6%)

6 (15.4%)

48 h NA 5 
(12.8%)

9 (23.1%) 0 14 (35.9%)

72 h NA 1 
(2.6%)

2 (5.1%) 0 3 (7.7%)

96 h NA 0 0 0 0

120 h NA 0 0 0 0

Large 
CSF 
leaks of 
the ASB

6 
(15.8%)

10 
(26.3%)

21 
(55.3%)

1 
(2.6%)

38

24 h NA 0 2 (5.3%) 0 2 (5.3%)

48 h NA 4 
(10.5%)

8 (21.1%) 1 
(2.6%)

13 (34.2%)

72 h NA 2 
(5.3%)

7 (18.4%) 0 9 (23.7%)

96 h NA 2 
(5.3%)

1 (2.6%) 0 3 (7.9%)

120 h NA 1 
(2.6%)

2 (5.3%) 0 3 (7.9%)

Variable NA 1 
(2.6%)

1 (2.6%) 0 0

Small 
CSF 
leaks of 
the 
sphenoid

19 5 
(13.2%)

13 
(34.2%)

1 
(2.6%)

38

24 h NA 0 3 (7.9%) 1 
(2.6%)

4 (10.5%)

48 h NA 4 
(10.5%)

7 (18.4%) 0 11 (29%)

72 h NA 1 
(2.6%)

3 (7.9%) 0 4 (10.5%)
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small CSF leaks of the anterior skull base, 21/38 for large 
CSF leaks of the anterior skull base, 13/38 for small CSF 
leaks of the sphenoid, 21/37 for large CSF leaks of the sphe-
noid and 20/34 for CSF leaks of the clivus. The sitting posi-
tion was recommended by only 1 respondent in the case of 
CSF leaks of the anterior skull base and small CSF leaks of 
the sphenoid. Other respondents recommended the supine 
position.

For small CSF leaks of the sphenoid or the anterior skull 
base, 41% of the respondents did not recommend any resting 
position (n  =  16/39) versus 10% for large CSF leaks 
(n = 4/39) (p = 0.0103). For CSF leaks of the clivus, 20.6% 
of the respondents did not recommend any resting position 
(n  =  7/34). Finally, 3 respondents (7.7%) never recom-
mended a postoperative resting position, regardless of the 
location or size of the defect, while 18 respondents (46.2%) 
systematically recommended a resting position.

 Exceptions to Resting Position

When a resting position was prescribed, in the case of small 
CSF leaks of the anterior skull base, 65% (15/23) of respon-
dents allowed at least one exception among activities such as 
going to the toilet, taking a shower, or sitting up for meals; 
56% (18/32) of respondents in the case of large CSF leaks of 
the anterior skull base; 63% (12/19) in the case of small CSF 
leaks of the sphenoid; 55% (17/31) in the case of large CSF 
leaks of the sphenoid; and 59% (16/27) in the case of CSF 
leaks of the clivus. Results are summarized in Table  3. 
Respondents allowed patients all of the exceptions men-
tioned during the rest period in 26% (6/23) of the small CSF 
leaks of the anterior skull base, 13% (5/32) of the large CSF 
leaks of the anterior skull base, 21% (4/19) of the small CSF 
leaks of the sphenoid, 16% (5/31) of the large CSF leaks of 
the sphenoid, and 19% (5/27) of the CSF leaks of the 
clivus.

There was no significant difference observed in postop-
erative practices between rhinologists and neurosurgeons.

 Discussion

The postoperative management of CSF leaks remains con-
troversial. Only weak evidence on this topic is available and 
most of the literature is based on case series or expert opin-
ions. A recent large review of the literature [7] on endoscopic 
skull base surgery has been published by an international 
consensus of experts. Unfortunately, the role of postopera-
tive resting position was not explored in this review. Two 
American-based opinion studies on ESBS practices were 
also recently published [8, 9], but these did not focus specifi-
cally on CSF leaks. The response rate was also low, being 
3.2% of members of the American Rhinologic Society in 
Wannemuhler’s study [9]. In the present study, the response 
rate was 28.2% of members of the AFR, but was difficult to 
estimate in the case of neurosurgeons, as the French College 
of Neurosurgeons mailing list includes both trainees and 
expert surgeons, as well as all subspecialties of neurosurgery. 
It is likely that ESBS surgeons are a minority among them. 
To the best of our knowledge, this study is the first to gather 
the opinions of skull base surgeons concerning the postop-
erative resting position after ESBS closure of CSF leaks.

In an American survey conducted among skull base sur-
geons [8], 19% recommended bedrest after all ESBS proce-
dures without a CSF leak. In the case of “low-flow” leaks, 
59% recommended bedrest, increasing to more than 78% in 
the case of “high-flow” leaks (including clival leaks). In our 
study, more than 92% of surgeons recommended a resting 

Table 2 (continued)

NoN (%)
Supine 
N (%)

Fowler’s 
positionN 
(%)

Sitting 
N (%)

Total of 
respondents

96 h NA 0 0 0 0

120 h NA 0 0 0 0

Large 
CSF 
leaks of 
the 
sphenoid

6 (16.2% 
[4.3–
28.1])

10 
(27%)

21 
(56.8%)

0 37

24 h NA 0 0 0 0

48 h NA 4 
(10.8%)

10 (27%) 0 14 (37.8%)

72 h NA 3 
(8.1%)

10 (27%) 0 13 (35.1%)

96 h NA 1 
(2.7%)

0 0 1 (2.7%)

120 h NA 1 
(2.7%)

1 (2.7%) 0 2 (5.4%)

Variable NA 1 
(2.7%)

0 0 1 (2.7%)

CSF 
leaks of 
the clivus

7 (20.6% 
[7–34.2])

7 
(20.6%)

20 
(58.8%)

0 34

24 h NA 0 2 (5.9%) 0 2 (5.9%)

48 h NA 4 
(11.8%)

10 
(29.4%)

0 14 (41.2%)

72 h NA 0 7 (20.6%) 0 7 (20.6%)

96 h NA 2 
(5.9%)

0 0 2 (5.9%)

120 h NA 1 
(2.9%)

1 (2.9%) 0 2 (5.9%)

CSF Cerebrospinal fluid, ASB anterior skull base

Should the Impact of Postural Change of Intracranial Pressure After Surgical Repair of Skull Base Cerebrospinal Fluid Leaks…



332

position after closure of CSF leaks according to their size 
and location. Large defects were statistically associated with 
a greater percentage of recommendation for postoperative 
resting position (90%) compared to small defects (59%). 
CSF leaks of the clivus, regardless of size, were associated 
with a greater percentage of resting position recommenda-
tion (79%).

Postural changes, from supine to sitting or upright posi-
tions, results in a biphasic decrease of ICP: specifically a 
proportional decrease during phase 1 (0 to 30°–45° tilt); and 
stabilization during phase 2 (above 30°–45° tilt). This pos-
tural regulation of ICP remains controversial. We have sum-
marized current knowledge regarding this topic in another 
contribution to this supplement (Gergelé L, Manet R. Postural 
regulation of intracranial pressure: a critical review of the 
literature). In brief, two major factors have been proposed to 
explain this decrease: I) Phase 1 corresponds to CSF transfer 
from the non-distensible cranial compartment to the disten-
sible spinal compartment, where maximal expansion corre-
sponds to the second phase of the decrease in ICP; II) the 
gravitational effect within the venous system is transferred to 
the CSF system according to Davson’s equation, modulated 
by jugular collapse that would be responsible for the second 
phase of ICP decrease. The main clinical application of these 
observations has led to the recommendation of a semi-sitting 
position in head injury patients to lower ICP and improve 
cerebral perfusion pressure (CPP) [5]. Magnaes defined a so- 
called “hydrostatic indifference point,” corresponding to a 
point located in the upper thoracic region (with interindivid-
ual differences) in which CSF pressure remains equal regard-
less of body position [10]. Above this point, CSF pressure 
will be lower in the sitting/upright position than in the supine 
position. Until recently, negative ICP values were interpreted 
as artefactual. Recent studies, however, have confirmed that 
head elevation can physiologically lower ICP to negative 
values [11–14].

Surprisingly, these observations of postural changes of 
ICP have never been integrated into discussions about the 
postoperative management of patients operated for a CSF 

leak with ESBS focused on avoiding leak recurrence. This 
risk is clearly increased if the ICP is raised [15]. Thus, 
patients must avoid Valsalva-type straining, especially when 
going to the toilet [16]. Laxative therapy or stool softeners 
should be used to decrease the strain and potential increase 
in ICP associated with bowel movements [17]. In this con-
text, the sitting/upright position is preferable to also lower 
ICP. On the other hand, a decrease in ICP can result in nega-
tive pressure (pressure inferior to atmospheric pressure), that 
can induce a “ball-valve mechanism” resulting in the devel-
opment of pneumocephalus [18]. It has been shown that head 
elevation could lead to negative pressure only at greater than 
30° of tilt [19]. Moreover, rapid changes of position (e.g., 
quickly sitting up or lying down) could induce an instanta-
neous change of ICP range. Nevertheless, a slow change to 
vertical position for 15  min would not generate major 
changes in ICP [10].

Overall, bedrest restrictions are paradoxically recom-
mended to avoid recurrence of CSF leaks, whereas the sit-
ting/upright position actually lowers this risk. In fact, bedrest 
restrictions should be evaluated according to the risk of 
pneumocephalus, which is increased in the upright position 
and is probably more prevalent in the case of large skull-base 
defects. Considering the different aspects of the problem, 
Fowler’s position (20°–30° sitting) seems to be a good com-
promise in this context. This position lowers ICP and thus 
limits the risk of recurrence of a CSF leak, but maintains a 
positive ICP, which lower the risk of pneumocephalus.

 Conclusion

This study is the first to collect opinions from members of 
French skull base surgical societies on the postoperative 
management of patients treated for CSF leaks using ESBS. It 
emphasizes the role of postoperative bedrest that is com-
monly recommended but has not been studied extensively in 
the literature and whose role thus remains equivocal. Fowler’s 

Table 3 Exceptions allowed from the resting position, according to the site and size of the leak
No exception 
N (%)

Exception: toilet 
N (%)

Exception: shower 
N (%)

Exception: meals 
N (%)

Prescription of resting 
position: total

Small CSF leaks of the 
ASB

8 (30.8%) 14 (53.9%) 6 (23.1%) 10 (38.5%) 26

Large CSF leaks of the 
ASB

14 (43.8%) 14 (43.8%) 5 (15.6%) 11 (34.4%) 32

Small CSF leaks of the 
sphenoid

7 (36.8%) 10 (52.6%) 4 (21.1%) 7 (36.8%) 19

Large CSF leaks of the 
sphenoid

14 (45.2%) 14 (45.2%) 5 (16.1%) 11 (35.5%) 31

CSF leaks of the clivus 11 (40.7%) 13 (48.2%) 5 (18.5%) 10 (37%) 27

CSF cerebrospinal fluid, ASB anterior skull base

V. Favier et al.
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position may represent a good compromise by lowering ICP, 
and thus limiting the risk of recurrence of CSF leaks, while 
also limiting the risk of pneumocephalus. Future clinical 
protocols to study the efficacy and safety of this practice are 
required.
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 Introduction

Assessment of cerebrospinal fluid (CSF) dynamics, by 
measuring intracranial pressure (ICP) variations during 
lumbar infusion study (LIS), can give precious information 
in patients suspected of CSF disorders, particularly cases of 
chronic hydrocephalus. Resistance to CSF outflow (Rout), 
has been the most studied hydrodynamic parameter. A high 
Rout (cutoff generally accepted >12  mmHg/mL/min) is 
considered as a good marker of hydrocephalus [1]. 
However, Rout assessment cannot detect impairment of 
cerebral compliance, which is also considered as an impor-
tant marker of hydrocephalus [2, 3]. Unlike compliance 
(C = dV/dP) or its inverse, elastance (E = dP/dV), which 
both evaluate the cranio- spinal characteristics at a particu-
lar state of the system, the pressure-volume index (PVI), is 
deemed to characterize the craniospinal volume–pressure 
relationship over the whole physiological range of 
ICP. Marmarou et al. [4] showed that the craniospinal vol-
ume–pressure relationship can be considered as mono-
exponential (Fig. 1a). For a given volume change ΔV, the 
resulting pressure change ΔP is linearly related to the pres-
sure Pb before bolus injection (Fig. 1b). A constant term P0 

has been introduced in order to mathematically explain the 
shift along the abscissa axis of the curve ΔP versus Pb [5, 
6]. PVI is calculated as
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where ΔV corresponds to the bolus volume, Pb to the basal 
pressure before the bolus, Pp to the maximal ICP following 
the bolus, and P0 is the intersect with the abscissa axis of the 
linear fit of ΔP versus P0. Thus, the evaluation of P0 necessi-
tates several measures of ΔP with different values of the basal 
pressure Pb in order to fit a regression line. However, the phys-
iological meaning of P0 is still the subject of debate, even if it 
is thought to be strongly influenced by venous pressure [7].

In routine clinical practice, P0 is often considered negli-
gible and PVI is calculated according to the simplified 
formula:
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In this case, the PVI can be assessed from only one bolus 
injection. A more robust evaluation can be obtained by aver-
aging PVI evaluations from repeated bolus injections.

In this study, we have evaluated P0 and compared the two 
methods for PVI assessment, in adult patients suspected of 
normal pressure hydrocephalus.

 Material and Methods

In our department we retrospectively analyzed results of LIS 
performed in adult patients suspected of normal pressure 
hydrocephalus (Neurosurgery B, neurological hospital Pierre 
Wertheimer, Lyon university hospital, France). LIS are per-
formed under strict aseptic conditions, within the operating 
theatre, in a lateral recumbent position, and under local 
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 anesthesia. The pressure transducer, the head of the patient, 
and the lumbar needle are placed at the same reference level. 
Thus, lumbar CSF pressure can be considered similar to ICP 
[8]. Both ICP recording and mock CSF (0.9% saline) infu-
sion are performed through a single needle (20 GA—correc-
tion of related pressure artefacts are made during data 
processing). LIS includes a sequence dedicated to the assess-
ment of PVI, consisting of a series of three fast bolus (1 mL/s) 
injections of 3 mL of saline at different levels of CSF pres-
sure. ICP data are sampled at 100  Hz using a multimodal 
vital sign Philips IntelliVue MP70 (Koninklijke Philips N.V., 
Amsterdam, Netherlands) and recorded using an in-house 
software.

For this study, data were processed using Python comput-
ing language (Python Software Foundation, Beaverton, 
USA) and the scikit-learn library [9]. For each patient, a lin-
ear regression was performed to assess the slope (α) and the 
abscissa axis intersect (P0), from the ΔP versus Pb data 
(Fig. 1b). The PVI evaluated using the PVIslope method was 
then calculated using the formula PVI = ΔV/log10(α +  1). 
For each PVI evaluation, a coefficient of determination (r2) 
was calculated to evaluate the “accuracy” of the result. 
Regressions with r2 < 0.7 were considered as unreliable. We 
then evaluated the PVI using the classical method in routine 
use, PVImean, where the mean value of PVI is calculated using 
independent PVI evaluations from each bolus injection, with 

the simplified formula PVI
Pp
Pb

�
�
�
�

�
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�

�V

log10

 (assuming P0 = 0).

In statistical analysis, the normality of distributions was 
tested with the omnibus test of normality. The correlation 
between the results from the two methods was assessed by 
Pearson analysis. A graphical comparison was performed by 
plotting the difference scores against the mean of the two 
PVI evaluations for each patient. Following the Bland- 
Altaman methodology [10], we added to the plot: the mean 
difference between the methods, i.e., the evaluation of the 
bias, and the 95% limit thresholds (1.96 times the standard 
deviation).

 Results

PVI was assessed using both methods PVIslope and PVImean in 
the 18 consecutive LIS. The PVIslope evaluations were found 
to be reliable (r2 > 0.7) in 82% of cases. Over the correspond-
ing sample of 14 patients, both PVIslope and PVImean results 
showed a normal distribution with mean values 
14.31 ± 6.51 mL and 18.25 ± 7.23 mL, respectively. The cor-
relation between the results from the two methods (Fig. 2a) 
was small, with a correlation coefficient r  =  0.52 and a 
p-value p = 0.05 (see Fig. 2a). We found that 95% of the dif-
ference scores between PVIslope and PVImean fall between the 
range −16.64 and 8.77 mL, with a mean value of −3.93 mL, 
which is elevated compared to the mean PVI values (Fig. 2b). 
The basal ICP before bolus injections had a normal distribu-
tion with a mean value of 6.50 ± 2.31 mmHg. The P0 values 
evaluated had a normal distribution with a mean value of 
2.12 ± 3.42 mmHg.
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 Discussion

With the exception of Rout, which has been well documented 
and proposed in clinical guidelines as a good marker of 
hydrocephalus [1, 11], CSF hydrodynamics and brain bio-
mechanics remain poorly investigated. Parameters related to 
“brain compliance,” in particular to the PVI, were described 
many decades ago in only a few publications [4, 12, 13]. 
“Brain compliance” describes how the contents of the cranio- 
spinal space (central nervous system, CSF, and vasculature) 
can adapt to a change of volume. However, its exact signifi-
cance remains uncertain. It probably reflects a mixture of dif-
ferent compartments (CSF, neural tissue, cerebral and spinal 
vasculature) with specific biomechanical properties, which 
have rarely been modelled and remain poorly characterized.

In clinical practice, reduced PVI has been reported to be 
associated with higher ICP values, ICP instability, and worse 
outcome in head-injured patients [14], and has also been 
described as a good marker of hydrocephalus [2, 3]. PVI is 
improved by head elevation, concomitantly with a decrease 
in ICP [15].

The optimal methods for calculation of PVI remain equiv-
ocal. Our methodology, using a series of fast bolus injections 
during LIS, is directly derived from Marmarou’s work [4]. 
Assessment of PVI with LIS in communicating hydrocepha-
lus provides similar results as intraventricular infusion stud-
ies [16]. In routine practice, P0 (for which the clinical 
significance remains dubious/hazardous) is commonly con-
sidered negligible. Raabe et al. [15] found no difference in 
PVI calculations, with or without P0 correction, using the 
method of Avezaat et  al. [5], in patients examined in the 

recumbent position. The authors, however, recommend this 
correction if patients are examined in different body posi-
tions. However, P0 has been reported in other publications to 
influence PVI assessment [16, 17]. In fact, the P0 correction 
is needed to accurately assess PVI from data of one bolus 
injection, but its value is not used with the PVIslope method. 
The generally accepted PVI cutoff is <25 mL when assessed 
with bolus injections (such as in this study) [18]. However, 
our results suggest that the interpretation of PVI must also 
consider the methodology used to process the data. The 
PVIslope method provides results, independent of P0. In our 
study, the PVImean method (assuming P0 = 0) generally led to 
higher values than the PVIslope method (on average, 3.93 mL 
higher). This difference could jeopardize the interpretation, 
especially in the case of moderately impaired compliance, 
close to cutoff values (e.g., PVI = 27 mL evaluated with the 
PVImean method, interpreted as “normal compliance” could 
actually correspond to PVI = 23 mL with the PVIslope method, 
reflecting “impaired compliance”); the higher the P0, the 
greater the difference between the two methods. Swallow 
et al. showed that the parameters for CSF dynamics assessed 
from infusion studies should be presented as ranges in which 
the actual patient values lie rather than fixed values (e.g., the 
estimated 95% confidence interval for Rout was ±3 mmHg/
mL/min) [19]. This consideration is also adapted to PVI 
assessment, and confidence interval should always be pro-
vided in addition to the actual result value.

It should also be noted that PVI assessment can also be 
carried out during a constant slow infusion test (generally 
performed at the rate of 1–2  mL/min) with a lower cutoff 
(13 mL) [18]. However, this method for assessment of PVI 
seems less accurate than the bolus method because the deter-
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mination of P0 is more difficult and less reliable [16]. In fact, 
this important gap between the “bolus injection” cutoff 
(25 mL) and the “slow infusion” cutoff (13 mL) suggests that 
the two examinations do not explore the same aspect of 
“brain compliance.”

Overall, assessment of “brain compliance” using PVI 
should always be interpreted keeping in mind the assessment 
method and integrating other parameters of CSF dynamics as 
well as clinical and radiological findings. The clinical reli-
ability of PVI assessment, assuming P0 = 0, depends on the 
value of P0. Thus, caution should be used when interpreting 
these results, especially when the PVI value is close to the 
pathological cutoff. Further studies are needed to improve 
the calculation of PVI, to define a pathological range of PVI 
and to better understand the fundamental meaning of “brain 
compliance.”
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 Introduction

Intracranial pressure (ICP) plays a crucial role in the regula-
tion of brain physiology. Since the first recordings 70 years 
ago [1, 2], ICP has been extensively explored. However, 
most of the data have been reported from patients investi-
gated in the supine position, giving values of 5–15 mmHg, 
considered as the normal range in adults. The influence of 
body position on ICP has also been well-documented for 
many years: for example, head elevation results in lowering 
of ICP [3, 4] and raising cerebral compliance [5]. The main 
clinical application of these observations has been to recom-
mend the semi-sitting position in head injury patients, to thus 
lower ICP and improve cerebral perfusion pressure [6]. Until 
recently, negative ICP values were interpreted as artefactual. 
Recent studies, however, have confirmed that ICP decreases 
with head elevation and can physiologically become nega-
tive in the upright position [7–10].

Postural regulation of ICP is incompletely understood. In 
this study, we aim to summarize current knowledge regard-
ing the physiological mechanisms and interactions underly-
ing postural regulation of ICP.

 Method

A literature search was performed using the Medline data-
base, from 1900 to 2019, using combinations of the follow-
ing key words: “Intracranial pressure,” “Posture,” “Jugular 
vein,” “Collapse,” “Regulation,” and “Physiology.” In addi-

tion, a search by hand was undertaken of the references from 
retrieved articles for possible related studies.

The titles and abstracts of all papers were screened by 
both coauthors of the study. All studies selected by one of the 
two observers were double-checked by the other observer. 
Our study included only original articles published in 
English, describing physiological and pathophysiological 
data concerning postural regulation of ICP.

A total of 48 articles were completely reviewed; 40 were 
referenced in this work.

 Results

 ICP Behaviour During Postural Changes

ICP reflects a mixture of different compartments—cerebrospi-
nal fluid (CSF), neural tissue, cerebral and spinal vasculature—
with specific biomechanical properties, which have still been 
modelled to only a small degree and remain poorly understood. 
The pulsatility of ICP is mainly influenced by heart rate (first 
harmonic), but also by respiratory cycle (second harmonic), 
and by vasogenic phenomena (third harmonic) [11].

ICP is also influenced by posture. A postural transition 
from the supine to upright position results in a biphasic 
decrease in ICP [4, 12, 13] (Fig. 1b): a rapid decrease pro-
portional to tilt (phase 1: low tilt angle, between 0° and 30°–
45°), followed by a stabilization (phase 2: high tilt, above 
30°–45°).

 The Spinal Buffer

The cranial cavity is non-distensible and the Monro-Kelly 
doctrine states that the intracranial volume thus remains 
constant:
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 V V Vbrain CSF blood Constant+ + = . 

However, this compartment is connected to the spinal 
compartment, in which the Monro-Kelly doctrine cannot be 
applied. This latter compartment would contain about 50 mL 
of CSF in the supine position, with important inter- individual 
variability, which would be inversely correlated to body 
mass index (BMI) [14]. Contrary to the cranial dura, which 
is closely adherent to the cranial bone, the spinal dura is only 
partially attached to the spinal canal. Due to its elastic and 
collagenous structures, the spinal dura can be distended, 
especially in perpendicular directions [15]. The surrounding 
epidural space is composed of fat tissue and a venous plexus. 
Epidural venous blood volume is influenced by downstream 
venous pressures, themselves particularly influenced by tho-
racic and intra-abdominal pressure (IAP) [16]. IAP has been 
measured to be higher in the semi-sitting position than in the 
supine position, in both children [17] and adults [18]. Spinal 
compartment capacity is also influenced by modulation of 
the spinal canal volume in relation to vertebral flexion/exten-
sion: that is, the volume is increased in flexion and decreased 
in extension [19, 20]. These properties result in an important 
capacity for modulation of the spinal CSF volume (up to 
40%) [14, 21].

By allowing fast withdrawal of CSF from the cranial 
compartment to spinal compartment [4, 22], the spinal buffer 
can explain the initial rapid postural decrease in ICP (phase 
1). When the expansion of spinal dura reaches its maximal 
capacity, the spinal compliance decreases [13, 23–25], slow-
ing the postural ICP decrease (phase 2) (Fig. 1a). Overall, the 

spinal compartment would provide up to 35% of the total 
CSF compliance in the supine position and 10% in upright 
posture [22].

The spinal buffer is also very important during acute brain 
insult, compensating for 30–80% of cranial pressure increase 
[26, 27].

 Jugular Collapse

The close relationship between CSF pressure and venous 
pressure was outlined almost 100 years ago [28], and has 
been described by Davson et al. using the following equa-
tion [29]:

 ICP Rout SSPCSF= × +Q  

where Rout corresponds to resistance to CSF outflow, QCSF 
to CSF resorption and SSP to sagittal sinus venous pressure. 
In healthy humans lying in a supine position, the internal 
jugular veins (IJVs) support the major cerebral venous out-
flow. However, in the sitting/upright position, their position 
above the level of the heart induces progressive collapse in 
IJV, increasing their resistance and decreasing blood flow 
[10, 30, 31]. This phenomenon has been proposed as a factor 
in decoupling hydrostatic pressures of the intracranial venous 
compartment from the rest of the venous system [10], with a 
possible anti-siphoning effect in the erect position [32]. 
According to this theory, these gravitational effects within 
the venous system would be transferred to the CSF system 

Supine position
Phase 1

Linear decrease of ICP
(low tilt angle)

Phase 2
Stabilization of ICP
(high tilt / up-right)

Cranial
CSF

IVJ IVJ+++

Heart
Cerebral venous outflow:

VVP
VVP

drainage

Spinal
CSF

CSF transfer
to spinal SAS

Max. spinal
expansion

Pressures (mmHg)

15

10

5

0

–5

–10

–15

ICP

Dural sinus

a

b

Fig. 1 Schematic representation of postural regulation of ICP. (a) 
Schematic representation of CSF compartments and cerebral venous 
outflow pathways, according to postural changes. IVJ internal jugular 

veins, SAS subarachnoid space, VVP vertebral venous plexus. (b) 
Schematic representation of ICP and venous pressure within intracra-
nial dural sinus
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[8, 10, 22]. Thus phase 1 (low tilt angle) would correspond to 
free return of cerebral venous blood, and phase 2 (higher tilt 
angle) corresponds to a regulation of cerebral venous blood 
pressure by jugular collapse occurring grossly above an 
angle of 30°.

 Discussion

The published literature provides extensive support to the 
role of the spinal buffer in postural regulation of ICP. Spinal 
compliance, which has been assessed by MRI studies [33], 
probably depends on multiple factors, including (1) height, 
which influences pressure gradients; (2) weight and BMI, 
which influence the IAP (and thus spinal venous flows); and 
(3) tissues properties, in particular their elasticity, which may 
be altered in some tissue pathologies (e.g., patients with 
Ehler-Danlos disease can suffer from orthostatic intracranial 
hypotension). When the compliance capacity is exceeded, 
CSF flow transfer decreases and ICP stabilizes (during the 
second phase). In a model of CSF spaces composed of a non- 
distensible compartment (mimicking the cranial cavity), and 
a distensible compartment (mimicking the spinal cavity), 
decoupled from any venous system, CSF pressure in the cra-
nial compartment and in the spinal compartment were simi-
larly affected by postural changes as CSF pressures measured 
in the ventricle and spinal SAS of animals submitted to simi-
lar postural changes [34]. In a large prospective cohort of 
376 patients explored for various CSF disorders, Poca et al. 
showed that ICP, maximum ICP gradients, and mean ICP 
gradients, in supine vs. sitting position, were significantly 
greater in patients with free CSF flow through the craniospi-
nal junction (n = 299) than in those with Chiari malformation 
(n = 77) [35]. Interestingly, the authors did not find a signifi-
cant difference regarding ICP gradients in patients with com-
municating hydrocephalus, suggesting that the greater part 
of the postural change in ICP is due to CSF transfers between 
the cranial and spinal compartments.

Models that support the major contribution of IJV col-
lapse to predict the postural change of ICP are quite sophis-
ticated, but largely underestimate the role of alternative 
venous pathways [8, 10, 22, 36]. Indeed, IJVs provide the 
main pathway for venous return in the supine position. 
However, in erect posture, the role of alternative pathways 
for cerebral blood outflow have been described in early pub-
lications, in particular the role of the vertebral venous plexus 
(VVP) [37]. In addition to these anatomical observations, it 
has been shown that the reduction of venous blood flow 
within the IJVs were exactly counterbalanced by an increased 
blood flow within VVP [24, 38, 39] (Fig. 1a).

Moreover, according to Pascal’s law, as the IJVs do not 
completely collapse and VVP take over, blood pressure 
within the venous compartment, and particularly in the SSP, 
is not impacted by jugular collapse. Blood pressure within 
the intracranial venous sinuses has been measured in humans 
and shown to decrease proportionally with head tilt without 
any stabilization above 30°, reaching values around 
−15 mmHg at 90° (Fig. 1b) [40].

Finally, Davson’s equation supports slow CSF transfers 
from the subarachnoid spaces to the venous system (a few 
mL/min) and thus does not explain fast postural modulation 
of ICP (a few seconds): e.g., ICP  =  10  mmHg, 
SSP = –5 mmHg, Rout = 5 mmHg/mL/min, CSF resorption 
rate = (ICP – SSP)/Rout = 3 mL/min.

In conclusion, the physiological mechanisms underlying 
the postural regulation of ICP remain unclear. An improved 
understanding of these mechanisms would help us to better 
evaluate shunt systems, in particular the usefulness of anti- 
siphon devices, and help to improve the management of 
patients with CSF disorders.
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 Introduction

Undiagnosed posttraumatic hydrocephalus (PTH) can delay 
and limit the extent of recovery in traumatic brain injury 
(TBI) patients [1, 2]. The clinical picture in these patients’ 
presentation is difficult to tease out due to the long recovery 
courses and heterogeneity of injuries and brain insults. The 
predominant means to assess for PTH currently are imaging 
(CT/MRI) and high-volume lumbar punctures. However, 
imaging is poor at distinguishing between PTH and ex-vacuo 
ventriculomegaly in the context of atrophy and lumbar punc-
ture opening pressures can be unreliable [3–7]. Although 
ICP monitoring can be a useful tool for CSF dynamics analy-
sis, it is an invasive technique [4–8].

The use of volume infusion to help distinguish posttrau-
matic hydrocephalus was described by Marmarou et al. [2]. 
They used intracranial pressure (ICP) and resistance to CSF 
outflow (Rout) calculated using the bolus-injection method, 
alongside evidence of ventriculomegaly on imaging, to sug-
gest shunting in patients with opening pressures greater than 
15 mmHg or Rout greater than 6 mmHg*min/mL. In view of 
the possible limitations of the bolus-infusion method, that it 
may be measuring compartmental compliance opposed to 
that of the entire system and higher calculation of outflow 
conductance (Cout = 1/Rout), we aimed to investigate CSF 
dynamics in this cohort using constant-rate infusion tests [9, 
10]. Additionally, to the best of our knowledge, infusion test 

parameters other than Rout in PTH and atrophy have not 
been described in detail. A case report by Czosnyka et  al. 
described low-baseline AMP with abnormal reactivity to 
infusion and raised PVI index to likely signify an absence of 
vascular bed reactivity biologically [9]. We aimed to analyze 
various CSF dynamics parameters using constant-rate infu-
sion studies in TBI patients with a comparison to idiopathic 
NPH (iNPH) and with attention to the effect of cranioplasty 
on CSF dynamics.

 Material and Methods

 Patient Selection

Our patient sample was obtained via searching for patients 
that had undergone TBI in our infusion study database at 
Cambridge University Hospital. All these patients had pos-
sible features of PTH and ventriculomegaly on imaging. We 
divided patients into two groups depending on CSF dynam-
ics: group A, “likely PTH”; and group B, “likely atrophy”. 
These were compared to a group of iNPH shunt-responsive 
patients (group C), who had undergone infusion studies 
between 2003 and 2018 [7]. These groups, based on CSF 
dynamics, were then compared to imaging. The data from 
some patients from group C has been previously reported in 
Lalou et al. [11].

 Data Collection and Analysis

The infusion study database provided us with the follow-
ing parameters: ICP baseline (ICPb), ICP at plateau 
(ICPp), resistance to outflow (Rout) and peak-to-peak 
amplitude of ICP (AMP). Patient notes (kept on the com-
puter system EPIC and LADR) were searched to obtain the 
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relevant patient demographics and clinical information. R 
software version 3.5.2. was used for statistical analysis, 
with comparison between groups being tested using non-
parametric tests, with p-values <0.05 being considered 
significant.

 Results

 Groupings

In total, 50 TBI patients underwent 52 infusion tests. Table 1 
shows the number of patients, demographics, and the range 
of time intervals between trauma and infusion study for 
patients in the three groups. As can be seen, the three groups 
showed heterogeneity in both age and TBI interval. 
Unfortunately, the date of TBI could not be retrieved in 11 
cases. Severity of TBI, as measured by initial GCS, was 
“severe” in 35 cases, “mild” in 6, and in the remaining cases 
we could not retrieve this information.

All patients in group A had either never undergone 
decompressive craniectomy or had a cranioplasty in situ for 
over 1  month. Group B consisted of patients who had 
undergone decompressive craniotomy, had a cranioplasty 
inserted less than a month previously, or had an intact cra-
nial vault with an atrophic CSF dynamics pattern. Rout and 
dAMP were significantly higher in Group A than B, but 
significantly lower than Group C [45 iNPH patients]. RAP 
baseline in Group A was 0.57  ±  0.16, increasing to 
0.9 ± 0.07 during infusion, indicating depleted compensa-
tory reserve, versus 0.11 ± 0.04 and 0.27 ± 0.11 in Group B, 
indicating ample compensatory reserve [1, 2, 10, 12]. 
Comparisons between these two groups are shown in 
Table 2 and Fig. 1.

 Imaging

All patients had imaging in the form of either a CT or MRI 
scan, which was reported by a neuroradiologist. These 
reports differed from the CSF dynamics in several cases. 
Encephalomalacia or ex-vacuo ventriculomegaly was 
reported in 12 out of 36 patients in group A (the “likely PTH” 
group). In comparison, 9 subjects with a recent cranioplasty 
in groups B (“likely atrophy” group) had reports that 
described ventriculomegaly.

 Effect of Cranioplasty

In all 6 patients who had undergone infusion testing both 
before and after cranioplasty, baseline and infusion parame-
ters increased after the cranioplasty was inserted. Figure 2 
shows the average increase in the various CSF dynamics 
parameters post-cranioplasty.

Table 1 Table showing the demographics and characteristics of groups A-C
Group A
(‘possible PTH’)

Group B
(‘possible atrophy’)

Group C
(iNPH)

No. Tests 36 16
(9 decompression ± recent cranioplasty;
7 no decompression/cranioplasty >1 month)

45

Sex 24 male, 12 female 14 male, 2 female 26 male, 19 female

Age
(years)

53 ± 17 48 ± 16 66 ± 13

Study via 26 LP; 10 Ommaya 6 LP, 5 Ommaya, 1 EVD 28 LP, 17 Ommaya

TBI interval 10 days–33.5 years 3 months–5 years N/A

Characteristics All had normal or high 
Rout, AMP, dAMP and 
RAP

Rout, AMP, dAMP, and RAP appeared identical between the 9 
decompressed/recent cranioplasty patients and the 7 possibly 
atrophic patients

Undergone CSF infusion tests 
prior to shunting and responded 
positively to VPS

Table 2 Comparison of CSF dynamics in group A (‘possible PTH’), 
group B (‘possible atrophy’) and group C (iNPH)

Mean
Group A
(N = 36)

Group B
(N = 16) p-Value

ICPb
(mmHg)

9.31 ± 4.12 5.84 ± 3.13 0.00557

Rout
(mmHg/ml/min)

13.41 ± 5.19 4.2 ± 2.03 3.345 × 10−12

AMPb
(mmHg)

0.55 ± 0.39 0.21 ± 0.17 0.001272

dAMP
(mmHg)

1.5 ± 1.12 0.21 ± 0.2 1.539 × 10−07

RAPb 0.57 ± 0.18 0.11 ± 0.04 6.522 × 10−07

RAPinf 0.9 ± 0.07 0.27 ± 0.11 2.749 × 10−07
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Fig. 1 Example of CSF dynamics in Post Traumatic Hydrocephalus 
versus atrophy. Upper panel (possible PTH) Fig. 1a.: ICP increasing 
briskly after start of infusion, with a Rout around 11–13 mmHg*min/
mL. AMP at baseline ~1 mmHg, also reacting briskly to infusion until 
a plateau of 5.6  mmHg. RAP at baseline ~0.6, clearly increasing to 
almost 1 after infusion of only a few mLs, indicating exhaustion of 

compensatory reserve. Lower panel (possible atrophy) Fig. 1b: Picture 
of CSF dynamics identical to the decompressed patients: Low Rout 
(ICP increased from a baseline of 1.3–3.6 mmHg) with very low AMP 
at baseline (0.08), barely reacting to infusion (AMP plateau 
0.09 mmHg). RAP at baseline low (<0.6), never reaching 0.6 despite 
infusion of >25 mLs
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 Discussion

Infusion studies can be a useful tool in the detection of 
PTH.  Analysis of CSF dynamics in TBI patients allowed 
separation of subjects into two groups depending on Rout 
(using Rout <6 mmHg*min/ml as a threshold for atrophy) 
and other parameters. There was a statistically significant 
difference between the Rout, AMP, dAMP, RAPb, and 
RAPinf parameters in groups A and B.  In particular, there 
was a salient difference between the dAMP values of group 
B compared to groups A and C. dAMP in group B was 
0.22 ± 0.22 mmHg, compared to values of 1.5 mmHg and 
above in the other groups.

Notably, the grouping of patients into likely PTH or atro-
phic groups differed if done according to CSF dynamics 
compared to imaging. There were considerable proportions 
of patients in group A who had ex-vacuo ventriculomegaly/
encephalomalacia reported, and in group B who had ven-
triculomegaly reported. This reinforces the notion that imag-

ing is a poor tool in aiding diagnosis of PTH and atrophy in 
TBI patients.

The comparison of group A (“likely PTH”) to group C 
(iNPH patients) found Rout and AMP to be significantly 
lower in group A.  These lower values could possibly be 
explained by a coexistence of PTH due to deficits in CSF 
reabsorption in a brain with areas of encephalomalacia and 
an element of vascular bed dysfunction in TBI.

This study was not without its limitations. Our patient 
population was heterogenous, with varying time intervals 
between investigation and date of TBI, and unfortunately 
certain details were not retrievable from our databases. 
However, it does suggest that there is a role for the use of 
infusion studies in TBI patients who have suspected PTH 
and suspicion of PTH should not be based on imaging 
alone.
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 Introduction

Despite criticism and alternative theories, CSF circulation is 
still one of the main pathophysiological hypotheses of nor-
mal pressure hydrocephalus (NPH). Studies related to the 
resistance to CSF outflow (Rout) and other components of 
the intracranial compartment are therefore essential until the 
complex puzzle of NPH is unravelled further. Moreover, 
shunting, with its hydrodynamic implications, remains the 
mainstay of management of hydrocephalus, via drainage and 
reduction of Rout [1, 2].

Whether other elements of the circulation or metabolism 
are disturbed, such as the regulatory mechanisms of CBF, 
cannot be concluded based on previous studies. An unknown 
state of cerebral hemodynamics, combined with a persis-
tently unknown state of CSF dynamics, reveals a need for 
direction on rigorous research with detailed knowledge of 
these aspects and improved sample sizes.

Furthermore, in 2005, the NPH guidelines study group 
concluded that a single standard for the prognostic evalua-
tion of idiopathic NPH (iNPH) was lacking. New guidelines 
are yet to be developed. Even the label of NPH remains 
therefore uncertain, the concept of NPH as a whole recently 
coming to question [3]. Among the burning questions in 
NPH are the behavior of Rout related to age and the etiology 
of NPH (idiopathic, secondary, and all causes under second-
ary), as well as its differentiation with cerebrovascular dis-
ease. These questions are extremely difficult to address, 
given the relative rarity of disease and the complexity of the 
ageing population.

So far, Rout and possibly PRx and ABP have been the 
strongest predictors of outcome in NPH. None, however, is 
accurate enough as a single prognostication parameter. We 
have previously published a few studies of the relationship 
between global cerebral autoregulation and Rout, including 
mean arterial blood pressure [ABP] [4, 5]. Given the estab-
lished relationship between NPH and disturbed cerebral 
blood flow (CBF) [6–8], and the quantitative interaction 
between Rout and PRx as a measure of global autoregula-
tion, we aimed to model all parameters relevant to Rout and 
explore their combined effect on outcome prediction.

 Material and Methods

 Patients, Data Collection, and Processing

We used the data from a total of 88 patients (84 identical to 
those reported in Lalou et al. [5]). They were all NPH patients 
of various etiologies (predominantly iNPH) who had been 
selected for shunting after undergoing investigations at 
Cambridge University Hospital hydrocephalus clinic. 
Criteria for shunting included Rout, as well as responses to 
the spinal tap test and to extended lumbar drainage. Based on 
data recorded from their letters in the follow-up clinic, we 
classified them into CSF diversion responders and non- 
responders. The clinic follow-up letter depicts the final 
improvement presentation of the patient according to subjec-
tive reporting from the patients themselves and those closer 
to them, as well as objective findings from the clinical exam-
ination and gait assessment from physiotherapists [5, 9].

We had monitored ABP noninvasively using the Finometer® 
PRO in all patients during the entirety of the infusion test and 
were therefore able to calculate mean ABP, as well as PRx 
[10]. During infusion, a rise in ICP and a subsequent increase 
in the magnitude of slow waves of ICP [11] influences PRx 
calculation. However, as previously shown, detrending ICP 
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during infusion will minimize that influence, and PRx can be 
calculated during the entire period of the test, on a total win-
dow of 30–45 min (baseline + infusion phase) [5].

ABP recording during infusion, ICP detrending and the 
result PRx detrending are shown in Fig. 1.

 Statistical Analysis

We used the Fisher discrimination ratio (FDR) to revalidate 
the predictive power of individual parameters. Following 
that, we incorporated those stronger parameters in multilin-
ear regression to model the known co-linearities and interac-
tions between age, Rout, ABP, and PRx. All statistics were 
performed by ADL (author) and SA (co-author) using R ver-
sion 3.6.0 and Matlab.

 Results

 Predictive Power of Individual Parameters

Sixty-nine patients had a favorable outcome after shunting, 
whereas 19 did not improve at all on follow-up.

ABP demonstrated better predictive power than Rout in 
the Fisher discriminant analysis. Using the multivariable 
logistic regression model created to test the predictive power 
of each value, we extracted that ABP was an independent 
predictor of outcome, with an odds ratio of 1.1, 95% confi-
dence interval 1–1.2 and p-value = 0.01.

The plot of FDR values for all measured variables is 
shown in Fig. 2.

 Predictive Power of Combined Variables

The strongest relationship was detected with the multilinear 
regression model combining the interaction between PRx, 
ABP, and Rout, and age correction was applied: Linear 
Model: Rout ~ PRx*ABP + age.

(N = 88; R = −0.56; p = 8.188 × 10−0.5)
When testing this model as an outcome separator, the 

results showed strong relationship in the responders group 
(R = −0.62; p = 8.986 × 10−6, N = 69) and an absent correla-
tion (R = -0.15; p = 0.69) in non-responders (N = 19).

The ROC curve and predictive values of the above linear 
model are shown in Fig. 3.
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 Discussion

We have provided a quantitative means of assessing the cere-
brovascular profile of possible NPH patients and potentially 

more dementias with ventriculomegaly that clinically mimic 
NPH or could coexist with it.

To date, there is a vast pool of evidence validating a rela-
tionship between reduced regional CBF in the areas proximate 
to and in direct relationship with the ventricles [8, 12–15]. 
There is still a lot of work required to achieve the creation of a 
practical, bedside tool assessing CBF and autoregulation in 
such patients, if they are clinically useful at all as a diagnostic 
or predictive measure. We have shown in this paper a practical 
and low-cost method that could provide additional informa-
tion to the cerebral hemodynamic state, as well as the CSF 
circulatory profile. It does not require any additional time of 
monitoring besides a standard infusion test and could be used 
to validate prospectively in randomized trials.

 Influence of Hypertension and 
Autoregulation on Rout

While both age and PRx have been shown in multiple occa-
sions to directly correlate with Rout [16, 17], ABP did not 
correlate with Rout despite being a stronger outcome predic-
tor than Rout. At the same time, the inverse relationship 
between Rout and PRx could be driven by an influence of 
vascular disease and stronger disease burden on Rout, or an 
interaction derived from independent pathophysiologies [18]. 
Interestingly, the effect of age is possibly excluded because it 
is related with increased Rout and not related to PRx.
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 Arterial Blood Pressure and Autoregulation 
in NPH

The role of cerebrovascular disease has been suggested since 
early on in NPH [7]. It is likely that cerebrovascular disease, 
causing dysautoregulation and subsequently significant isch-
emia in several regions or even globally, can contribute to an 
unfavorable outcome after shunting. The question still 
remains whether this is a result of NPH, or is rather a contri-
bution of uncontrolled primary hypertension related to age 
leading to coexisting cerebrovascular disease. From our cur-
rent results, we can conclude that the presence of uncon-
trolled hypertension in itself appears to lead to unfavorable 
results after shunting. Unfortunately, we did not have an 
available objective identifier of cerebrovascular disease in 
those patients. On the other hand, globally disturbed auto-
regulation in itself was not associated with unfavorable out-
come, unless it was combined with the effect of ABP. This 
finding appears intuitive, as a non-autoregulating brain 
would be exposed to such effects of increasing and decreas-
ing ABP; it is of significance though, to be able to demon-
strate that effect clinically, as a clear negative influence on 
outcome.

 Clinical Applications

Prospective validation of the above results is required, ide-
ally using both invasive and noninvasive ABP monitoring for 
optimal absolute values of ABP.

 Ethical Approval and Consent to Participate

In line with the protocol in Cambridge University Hospitals 
NHS Foundation Trust, this retrospective study was con-
ducted without separate approval from an ethics committee. 
All patients were investigated with infusion test within the 
neurosciences department, as a part of routine clinical 
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 Consent for Publication

As per our ethics statement, this was a retrospective study, 
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 Introduction

Normal pressure hydrocephalus (NPH) is characterized by a 
clinical triad of gait disturbance, short-term memory deterio-
ration, and urinary incontinence, with radiological evidence 
of ventriculomegaly. The treatment of choice is a shunt, after 
which patients should see an improvement in these symp-
toms. The tools available for the selection of patients with 
queried NPH for shunting are currently ICP monitoring, 
infusion studies, a CSF tap test, and extended lumbar drain-
age (ELD). These can be used alone or in combination.

CSF infusion studies and ELD have been shown to have a 
high positive predictive value, but low negative predictive 
value. Walchenbach et al. [1] found CSF tap test had a posi-
tive predictive value of 100% and negative predictive value 
of 32%. They found ELD to have a positive predictive value 
of 87% and negative predictive value of 36%. Table 1 shows 
the positive and negative predictive values of infusions tests 
found in different studies.

Although the coupling of CSF diversion test with special-
ist neurocognitive assessment and gait analysis has been 
shown to be a good predictor of shunt responsiveness, an 
element of subjectivity in these tests remains [3–5]. We 
aimed to investigate predicting improvement post-shunting 
by infusion tests versus ELD with emphasis on the dynamics 
of ELD responders.

 Material and Methods

We retrospectively recruited 83 patients from our NPH data-
base at Cambridge University Hospital (CUH) who had 
undergone both a lumbar infusion study and ELD assess-
ment between 2014 and 2018. All subjects had signed con-
sent forms for their data to be used for research purposes. 
Constant-rate infusion studies were carried out via Ommaya 
reservoir in 5 cases and via lumbar puncture using an 
18-gauge pink needle in 78 cases. ICM+ software is used 
routinely to record and process the data (University of 
Cambridge Enterprise Ltd). The constant-rate infusion study 
method used has been previously described in numerous 
publications ranging over 40 years [6–8].

ELD protocol involved placement of a lumbar catheter 
for a duration of 5 days, with 100 mL of CSF drained per 
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Table 1 Table illustrating the positive and negative predictive values 
found for response to shunting in NPH with infusion tests in various 
studies
References NPH Aetiology Rout PPV NPV
Borgesen et al. 
[15]

80 Mixed ≥12 96–
100%

>95%

Borgesen et al. 
[19]

183 Mixed ≥12 NA 100%

Boon et al. [20] 101 iNPH ≥12 
and 
≥18

80 and 
92%

34%

Kahlon et al. 
[21]

68 iNPH ≥14 80% NA

Wikkelsø et al. 
[17]

115 iNPH ≥12 
and 
≥18

86 and 
94%

18 and 
18%

Nabbanja et al. 
[22]

310 Mixed ≥13 
and 
≥18

NA NA

PPV positive predictive value, NPV negative predictive value. 
Reproduced with license from “cerebral autoregulation, resistance and 
outcome after CSF diversion” [2]
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day. Assessment of gait was done by physiotherapists with 
the Tinnetti tool and a 10-m timed walking test before drain 
placement and within 24 h after ELD removal. Subjective 
perception of symptom (gait, cognition, and urinary func-
tion) improvement or deterioration by the patient and 
mainly those closest to them (family and/or carers) was 
also asked at clinic follow-up. VL (author) collected the 
data from physiotherapy assessments from patient notes 
and documentation of improvement from electronic inpa-
tient records and clinic letters. These were compared to 
CSF hydrodynamics. We used R software (version 3.5.2.) 
to perform all statistics.

We explored Rout thresholds >11  mmHg*min/mL and 
<11, as well as different thresholds based on shunt and ELD 
response. As initially described from studies in physiological 
individuals, the average normal Rout is around 7 mmHg*min/
mL [9] and with a possible calculation error of 
±3 mmHg|*min/mL [10], values >10 or below 4 would most 
likely be unphysiological, and values between 4 and 10 
should be within the normal range.

 Results

Of the 83 patients, 62 had Rout >11 mmHg/mL/min and 21 
had Rout <11  mmHg/mL/min. In the Rout >11 group, 28 
showed physiotherapy-documented improvement following 

ELD, 24 either did not respond or did worse following ELD, 
and assessments were unavailable for 10 patients. 28 of 62 
(34% of total) patients were selected for shunting. Seven 
patients declined shunting and the remaining 21 patients 
were shunted and available for follow-up. Of these 21 
patients, 19 showed improvement following shunting. Eight 
patients with Rout >20 mmHg/mL/min showed no response 
to ELD and were not shunted.

Figure 1 demonstrates the number of patients with resis-
tances above or below 11 who were included, showed 
improvement following ELD, were shunted, and showed 
improvement following shunting.

In the Rout <11 group, all 5 patients who were shunted 
and showed improvement at follow-up had Rout >6 mmHg/
mL/min. Two patients deteriorated significantly following 
ELD. Pre-ELD they were mobilizing independently or with 
the aid of a walking stick, but on discharge had to be trans-
ferred to a local hospital for rehabilitation because they could 
no longer mobilize.

Overall, 24/26 ELD responders also responded positively 
to shunting, which yields a 92% PPV for ELD.

ICP amplitude did not differ at baseline or plateau between 
ELD responders and non-responders (baseline: 0.95 ± 0.61 
vs. 0.79  ±  0.64; p  =  0.8161 plateau: 4.09  ±  1.64 vs. 
3.69 ± 0.97; p = 0.9049). ICP baseline was 8.96 ± 3.81 vs. 
10.53  ±  3.9; p  =  0.1862, elasticity was 0.21  ±  0.1 vs. 
0.25 ± 0.13; p = 0.6143 and compliance [1/(E*ICPbaseline)] 
did not differ between the two groups.

83 patient
?NPH

24 did not
improve /
did worse

21 shunted

5 shunted
7 not

 shunted

19
improved

5 improved

16 did not
improve /
did worse

5 improve
with ELD

28
improved
with ELD

10
assessments

lost

Rout >_ 11
N = 62

Rout < 11
N = 21

Fig. 1 Response to extended lumbar drainage and to shunting in the patient groups with resistance above and below 11 mmHg/mL/min. NPH 
normal pressure hydrocephalus, ELD extended lumbar drainage, Rout resistance to CSF outflow
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 Discussion

We have provided the first preliminary comparison between 
objective, CSF dynamics testing and ELD in NPH. Overall, 
there are marked differences between the two assessments, 
which would be of interest to investigate in the future.

 Rout ≥11 and >20 Versus ELD Response

There was marked discrepancy between CSF hydrody-
namics and ELD response, including 8 patients with Rout 
>20  mmHg/mL/min who showed no response to 
ELD. The reasons for this disparity could lie in part with 
our assessment of response following ELD. Some centers 
couple ELD with multiple tests from neuropsychologists, 
as well as physiotherapists, to assess and quantify any 
possible improvement in all areas of the NPH triad. At 
our center, the assessment is focused on improvement in 
gait, which has been shown to usually improve first and 
more prominently than cognition and urinary inconti-
nence [11–13]. Additionally, the timing of assessment 
could play a role in the level of response we see to 
ELD. All our physiotherapy assessments were carried out 
within 24 h of removing the lumbar catheter. Response to 
CSF diversion is known to be variable [14–17]. An NPH 
subject is considered shunt- responsive if they show 
improvement within 3 months of the shunt being inserted. 
However, we measure the improvement of our ELD can-
didates just six days after the first day of diversion. 
Although the subjective family reports of patient 
improvement are just that, subjective, at least part of the 
18 cases where physiotherapy and family disagreed could 
be due to the diverse timing of their respective observa-
tion periods. In view of this and of previously reported 
low negative predictive values of ELD, it could be argued 
that the eight patients with Rout >20 mmHg/mL/min who 
showed no ELD response could merit further consider-
ation: Would their response to ELD change if the timing 
of their assessment did?

 Rout <6 Versus ELD Response

There was a subgroup of patients that the two tests agreed 
on: patients with a Rout <6 mmHg/mL/min. All patients with 
Rout <6  mmHg/mL/min showed no improvement with 
ELD. As such, ELD assessment in this subgroup of patients 
is unadvisable.

 CSF Dynamics in ELD Responders Vs. 
Non-responders

Besides Rout, no other CSF dynamic parameter on its own 
appears to correlate with ELD response. However, our cur-
rent numbers are low and, in the future, it would be of inter-
est to explore those parameters and to combine several 
parameters. Nonetheless, ELD re-confirms a high PPV, 
although infusion tests also have shown a very high PPV. 
Improving on NPV is a challenge that would be difficult to 
address in our current clinical setting, unless an appropriate 
trial is performed to assess and improve on the NPV of both 
ELD and infusion tests.

 Clinical Significance

ELD investigations tend to be safe and a good approximation 
of shunt response [1, 18]. The addition of ELD in combina-
tion with infusion tests in investigating NPH could provide 
significant opportunities for understanding NPH further. 
This is due to the opportunity to clearly look into all 
“responders” versus “non-responders,” whereas in the past 
surgery would be the only determinant of such response, 
without any insight into the non-shunted patients. By con-
tinuing to investigate patients in such a way, we will possibly 
be able to obtain new insights from infusion tests that were 
not available before. It is also for this reason that, if ELD 
were to be used, it would be required to be used in the best 
and most accurate way, as its PPV and especially NPV are 
still awaiting confirmation and should ideally be able to 
reflect response to shunt surgery as accurately as possible.
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 Introduction

NPH is a heterogeneous disease characterized radiologically 
by enlarged ventricles and clinically by Hakim’s triad: gait 
disturbance, urinary incontinence, and dementia. Since its 
first description in 1965 [1], the works of Marmarou [2, 3] 
and the development of the lumbar infusion test by Katzman 
[4] set the path for studying the CSF dynamics of the patients 
presenting with this clinical syndrome. Resistance to CSF 
outflow (Rout) has been investigated in several prospective 
studies and the European iNPH randomized trial [5]. Studies 
such as those from Borgensen et al. [6, 7] and the Dutch nor-
mal pressure hydrocephalus [8, 9] demonstrated that 
increased Rout (>12 mmHg*min/mL and >18 mmHg*min/
mL, respectively) was characteristic of NPH and strongly 
predictive of outcome after shunting. Unfortunately, many 
centers—despite guidelines, clinical, and paraclinical tests—
discovered that shunting response varied from 40–80%, with 
the latter being the most frequent in modern, specialized cen-
ters [2, 5, 8–16]. However, the newest iNPH trial [5] failed to 
show the high prognostic value of previously suggested Rout 
values for shunting.

Overall, there has been no objective overview of all CSF 
dynamic parameters and a lack of objective description of 
NPH with parameters outside Rout. From the data available 
in Cambridge, one of the main modern centers to utilize 

infusion tests in NPH, we have aimed to begin to under-
stand the problems with Rout as well with other CSF 
dynamics assessed through the infusion test, on their own 
or combined. As such, we have attempted to assess the rela-
tionship of all infusion-derived parameters with shunt 
response and to identify sources of discrepancy between 
NPH diagnosis and shunt response-defined diagnosis using 
CSF dynamics.

 Material and Methods

We analyzed the data of 369 NPH patients (154 females, 
70 ± 11 years old) who were either shunted (332 patients) 
or had ETV (37 patients) with infusion tests and clinical 
follow- up at Addenbrooke’s Hospital in Cambridge 
between 1998 and 2018. The 6-month patients’ outcome 
was marked using a simple numerical scale: (1) long-term 
improvement (sustained improvement at 6  months); (2) 
temporary improvement (improvement at 3  months not 
sustained at 6 months); and (3) no improvement. For sim-
plicity, in our analysis we combined the outcome scales 1 
and 2 to indicate patients with improvement and compared 
them with those patients who showed no improvement. In 
addition to age and gender, the following ten baseline and 
infusion-derived variables were considered: ICPb (baseline 
ICP), ICPp (Plateau ICP), AMPb (baseline amplitude), 
AMPp (plateau amplitude), Rout (CSF resistance), El 
(Elasticity), PVI (pressure volume index), Pss (sagittal 
sinus pressure), CSFp (CSF Production Rate), and AMPs 
(Amplitude/pressure slope).

We conducted a correlation analysis among all variables. 
We also determined the patients’ outcomes (improvement 
versus no improvement at 6 months) by applying a threshold 
on Rout and compared our results with those of existing litera-
ture (Bergensen 1982 [7], Boon 1997 [8], and Wikkelso 2013 
[5]) in terms of sensitivity, specificity, positive predictive 
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value (PPV), negative predictive value (NPV), overall accu-
racy, and likelihood ratio.

Finally, we employed Chi-Statistics (by applying non- 
parametric Kruskal Wallis test) as a measure of separability 
between improvement and no improvement outcomes to 
determine a subset of variables that achieved the highest 
accuracy in prediction of outcome (using a Bayesian classi-
fier with fivefold cross validation and bootstrapping).

 Results

292 out of 369 patients (79%) in our dataset had improve-
ment after shunting. Figure 1 illustrates the results of the cor-
relation analysis of all baseline and infusion-derived 
variables using a color bar where correlations with signifi-
cant p-value (smaller than 0.05) are indicated with letters on 
the plot as follows:

• “W” indicates significant weak correlation (when correla-
tion value <0.4)

• “M” indicates significant moderate correlation (when 
0.4 ≤ correlation value <0.7)

• “S” indicates significant strong correlation (when 
0.7 ≤ correlation value)

We observe that several variables have significant correla-
tion with each other. For example, Rout has significant but 
weak correlation with age, ICPb, AMPb, and CSFp. However, 
the correlation of Rout and ICPp (AMPp) is significant and 
strong (moderate).

Figure 2 presents the result of outcome prediction using a 
threshold value on Rout in our dataset and compares it with 
those of existing studies. While Bergensen 1982 results 
inconsistent with other studies, our results fall in between 
those of Boon 1997 and Wikkelso 2013.

Figure 3a shows the values of Chi-statistics obtained for 
different Rout thresholds. We observe that Rout threshold of 
18 achieves the highest Chi-statistics. By adjusting the 
threshold based on age using (9 + 0.08 × age) formula [17] 
the Chi-Square increased from 8.6 (p-value = 0.003) to 9.7 
(p-value = 0.002). Figure 3b demonstrates the correlation of 
Rout and shunt outcome for the subjects with Rout above the 
corresponding threshold. The threshold of 18 results in the 
highest absolute value of correlation.

Finally, we investigated the predictive power of CSF 
dynamic parameters by applying a Bayesian classifier with 
fivefold cross-validation and bootstrapping to a subset of 
variables in our dataset which showed significant Chi- 
Statistics values (more than 5). Using these variables (ICPb, 
ICPp, Rout, CSFp, AMPs), we achieved an overall accuracy of 
0.70 ± 0.09 in prediction of the shunt outcome.
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 Discussion

We have provided the detailed account of the predictive 
value of a combination of CSF pressure and dynamic vari-
ables in NPH using machine learning methodology. The 

 traditional Rout thresholds of 13 and 18  mmHg*min/mL 
seem to remain similar in NPH, requiring individualization 
within the known range of 10–21 mmHg*min/mL [4]. CSF 
dynamics are not meant to provide generic outcome predic-
tions, but to describe pathological processes of the CSF, as 
well as the cerebral vascular circulation. It is therefore not a 
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surprise that Rout and other variables are influenced by fac-
tors such as age and vascular comorbidities [18, 19]. 
Similarly, a full understanding of the rest of the parameters 
and how they are influenced is required before attempting 
further outcome correlations.

Around 80% of shunted patients in our dataset showed 
improvement. This rate is consistent with those reported in 
[15] based on just the clinical presentation and 
ventriculomegaly.

Even with a combination of all the strong predictive vari-
ables, the maximum overall accuracy we could obtain for 
prediction of outcome was 70%. These numbers and discrep-
ancies with clinical realities could be explained as follows: 
CSF dynamics might be limited in providing an objective 
descriptor of NPH and/or shunt-responsive NPH due to the 
way we currently diagnose, follow-up, and define shunt 
response. Considering all the information we could be miss-
ing on how much a shunt in situ drains in NPH and how 
occult NPH shunt malfunction/obstruction or inadequate 
drainage may be, shunt response should be carefully recon-
sidered and redefined. We might want to ask: Is NPH indeed 
such a complex entity and so much more than a CSF disorder 
that there could be no measured CSF circulation and 
pressure- volume compensation descriptor, or is shunt 
response-driven definition of NPH misleading and far from 
ideal?

Another issue might be that the objective testing of CSF 
dynamics should be followed by objective definition and 
post-shunting description of response. No response to shunt-
ing rarely receives rigorous follow-up, as there are limited 
tools available. Postoperative objective shunt assessment 
with shunt infusion tests could be an extra and easy step 
toward a completed assessment, as it provides a descriptor of 
the post-shunting circulation [20, 21].
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 Introduction

Degenerative cervical myelopathy (DCM) is a common age- 
related, non-traumatic spinal cord disorder characterized by 
progressive neurological impairment, neuropathic pain, and 
bladder dysfunction [1–4]. In DCM, age- and stress-related 
spondylotic alteration is thought to inflict spinal compres-
sion due to ossification, ligament hypertrophy, disc hernia-
tion, and/or osteophyte formation with concurrently 
restricted segmental blood flow and loss of microvascular 
integrity contributing to pathogenesis [5–7]. Somatosensory 
evoked potentials (SSEPs), motor evoked potentials (MEPs) 
and contact-heat evoked potentials (CHEPs) are routinely 
performed before surgery to quantify the extent of spinal 
cord dysfunction and to estimate the degree of demyelination 
and axonal degeneration [8–10]. In patients with moderate or 
severe disability, current guidelines recommend surgical 
decompression [11, 12], with the goal of symptom remission 
and halting disease progression. However, the effects of 
decompression on spinal pressure and spinal hemodynamics, 
both of which might be relevant for peri- and postoperative 

function and recovery following spinal cord injury, are not 
known. The assessment of cerebrospinal fluid pressure 
(CSFP) has a long history in suspected spinal cord compres-
sion. It was first introduced for the diagnostic work-up of 
spine tumors, but almost vanished from the diagnostic reper-
toire with the introduction of CT and MRI scanning [13–16]. 
However, MRI is not a method that allows the assessment of 
pressure and is therefore less suited to distinguish the grade 
of functional deterioration as a consequence of structural 
compression. CSFP on the other side has not been investi-
gated during operative decompression following DCM.  In 
acute traumatic spinal cord injury (SCI), it was demonstrated 
that lumbar CSFP and CSF pulsation is decreased prior to, 
and restores following, decompression [17]. In addition, spi-
nal cord perfusion pressure (SCPP) was calculated in acute 
SCI using CSFP [18], and intra-spinal pressure (ISP), i.e., 
pressure at the level of injury [19]. SCPP can be calculated 
from CSFP or ISP and the mean arterial pressure (MAP), and 
the optimum SCPP can be determined as the nadir of spinal 
autoregulation function (sPRx) over the SCPP [18, 20]. In 
other words: an ideal corridor of optimal SCPP was deter-
mined as a correlate of preserved spinal autoregulation. 
Spinal perfusion within this corridor was related to better 
outcome following acute SCI [20]. We hypothesize that 
CSFP or ISP and SCPP correlate with the functional impair-
ment and degree of spinal compression as determined with 
structural MR-imaging. We additionally assume pressure 
release following successful decompression.

 Materials and Methods

 Patients

Four patients with DCM were enrolled. Inclusion criteria 
were (1) presence of DCM, (2) age between 18 and 80 years, 
(3) written informed consent (IC), (4) any extent of  functional 
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or neurological impairment induced by spinal cord disorder 
due to DCM, (5) eligibility for surgical decompression, and 
(6) eligibility for spinal pressure monitoring. Exclusion cri-
teria are (1) neurological impairment unrelated to spinal cord 
dysfunction, (2) contraindications to magnetic stimulation, 
e.g., epilepsy, (3) contraindications to MRI, e.g., cardiac 
pacemaker, (4) pregnancy, (5) previous cervical surgery in 
the past, and (6) psychiatric disorders that alter ability to give 
IC or potentially interfere with the measurements. The study 
protocol conformed to the latest revision of the Declaration 
of Helsinki and was approved by the local Ethics Committee 
of the University Hospital of Zurich (KEK- ZH- No.: 
PB_2016_00623).

Nurick score [21] was rated in every patient and fine 
motor skills were quantified with Graded Redefined 
Assessment of Strength, Sensibility and Prehension 
(GRASSP) [22] (Table 1). In one patient the ISP was mea-
sured peri- and postoperatively (level of stenosis C3-C6, 
subject 1), in two patients the CSFP was obtained peri- and 
postoperatively (level of stenosis C4–C5, subject 2; C4–C6, 
subject 3) and in another patient the CSFP was recorded at 
bedside prior to surgery (level of stenosis C3–C5, subject 4). 
This patient refused peri- and postoperative CSFP recording. 
Demographics are summarized in Table 1. During recording, 
we performed Queckenstedt’s test (bilateral jugular vein 
compression), and Valsalva maneuver.

 Technical Setup

To measure ISP, a subdural Codman® microsensor® was 
introduced and subsequently connected to a Codman 
DirectLink ICP box linked to a Philips X2-Pat.Interface + 
MX 700 Monitor. The arterial blood pressure (ABP) was 
recorded concomitantly from a radial artery catheter kept at 
the same horizontal level as the injured segment of the spi-
nal cord. The measurements were performed continuously 
for 24 h after the intervention. ISP and ABP were analyzed 
offline using ICM+® software (University of Cambridge). 
To measure CSFP at the lumbar level, a lumbar catheter was 
inserted (Neuromedex® Lumbalkatheter 4.5F) and con-
nected to the pressure monitors (Neuromedex® VentrEX), 
digitally converted and linked to the Philips Interface. Based 
on established procedures, calculations were performed as 
follows: The MAP was calculated from the systolic and dia-
stolic ABP. ISP/CSFP and MAP were employed to continu-
ally calculate the SCPP (SCPP  =  MAP-ISP and 
SCPP = MAP- CSFP respectively). Spinal pressure reactiv-
ity (sPRx), a calculated measure of spinal cord vascular 
reactivity, is the correlation coefficient between mean ISP 
and MAP calculated over a 5-min period; spinal autoregula-
tion of the vasculature is considered preserved/intact when 

sPRx is minimal, i.e., below or equal to 0 [20]. In all patients, 
preoperative neurophysiological exams were performed in 
order to specifically test for spinal and segmental spinotha-
lamic conductance (i.e., somatosensory, motor, and contact 
heat evoked cortical potentials; SSEPs, MEPs, CHEPs, 
respectively).

 Results

 Clinical Characteristics and Neurophysiology

All patients suffered from cervical spinal canal stenosis as 
assessed by sagittal and transversal T2-weighted MRI 
(Fig. 1). Patients were between 55 and 74 years of age and all 
had sensory disturbance, neuropathic pain, neurogenic blad-
der disorder, and fine motor skill impairment at first presen-
tation (clinical characteristics and demographics are 
summarized in Table  1). The GRASSP was abnormal in 
three patients, ranging from relatively mild impairment, left 
61/100 pts/right 62/100 pts and left 64/100 pts/right 59/100 
pts (subjects 1, 2), to more severe impairment, left 47/100 
pts/right 51/100 pts (subject 3); GRASSP was not assessed 
in subject 4. The patients did not experience any adverse 
events associated with the lumbar catheter or subdural probe. 
Evoked potentials were performed to evaluate spinal cord 
integrity. Baseline tibial SEPs were abnormal in all patients 
and MEPs of the lower extremities were abnormal in three 
patients. CHEPs of the cervical dermatomes were abnormal 
in three subjects, but were not acquired in the patient tested 
at the bedside.

 ISP Measurement

During subdural monitoring, ISP and MAP were reliably 
measured throughout the examination period of 24 h. Peak- 
to- peak amplitudes of pulse-wave-related pressure fluctua-
tions were about 1–1.5 mmHg and peaks were consistently 
associated with systolic blood pressure peaks (Fig. 2a). The 
ISP curves were modulated by respiration intraoperatively 
and corresponded to the breathing frequency of the respira-
tor. Valsalva maneuver increased baseline ISP by 10 mmHg 
and changed curve morphology (not depicted). With the 
patient in a flat and supine position, distinct peaks I-II-III as 
previously described were detected postoperatively [19] 
(Fig.  2b). A characteristic U-shaped curve of sPRx over 
SCPP was obtained over 10 h overnight, indicating optimum 
SCPP in this patient during this time at 72.5  mmHg (not 
depicted).

C. M. Zipser et al.
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Fig. 1 Sagittal and transversal MRI of subject 1 revealing C3–C6 cervical stenosis

Fig. 2 (a–f) Red traces: ISP/CSFP; green traces: blood pressure. (a) 
Intraoperative ISP over 10 s, note respiratory modulation of ISP (sub-
ject 1). (b) Postoperative ISP over 10  s, note distinct peaks I–II–III 
(subject 1). (c) Postoperative CSFP over 10  s (subject 2). (d) Post- 
operative Queckenstedt’s test (dotted blue line) increased about 

4 mmHg (subject 3). (e) Optimum SCPP of 72.5 mmHg calculated over 
6  h, estimated by the nadir of the sPRx (blue line); SCPP was 
>100  mmHg in 35% of the time indicating hyper-perfusion (yellow 
blocks (subject 3). (f) Bedside Valsalva maneuver (dotted blue line) 
prior to decompression (subject 4)
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 CSFP Measurements

In one patient with intraoperative CSFP measurement 
(patient 2), quality of intraoperative data was low due to arte-
facts, whereas the data quality was good in the other patient 
(patient 3). Postoperative data for both patients was free of 
artefacts (Fig. 2c, d). CSFP peaks were modulated by respi-
ration and related to the systolic blood pressure peaks 
(Fig. 2c). Preoperative spine inclination and reclination did 
not change CSFP significantly (not depicted). Postoperative 
Valsalva maneuver peaked at about 57 mmHg in patient 2 
(not depicted). Postoperative Queckenstedt’s test was respon-
sive in both patients undergoing CSFP recordings, indicating 
successful decompression (Fig.  2d). Pulse-wave related 
CSFP fluctuations showed peak-to-peak amplitudes that 
were between 0.5 and 1.5 mmHg. The optimum SCPP was 
about 75  mmHg when a characteristic U-shaped curve of 
sPRx over SCPP was obtained during 6–10 h in patients 2 
and 3 (Fig. 2e); we detected a postoperative hyper-perfusion 
for most times in the first 24 h in patient 3. In patient 4, pre-
operative Queckenstedt’s test was not responsive, i.e., during 
jugular vein compression baseline CSFP did not increase 
(not depicted). In this patient, pressure raised to a maximum 
of 10 mmHg during Valsalva maneuver (Fig. 2f), which was 
clearly below the values measured in the other patients after 
decompression.

 Discussion

To the best of our knowledge this case series presents first 
data of ISP/CSFP and SCPP monitoring in DCM during 
decompressive surgery and after cervical decompression. 
Lumbar CSFP and subdural ISP measurements were safe 
and well tolerated over 24 h. Cervical spinal canal stenosis 
with myelopathy was confirmed by MRI and quantified 
with clinical and neurophysiological measures. The bed-
side CSFP analysis confirmed suspected cervical stenosis 
by non- responsive Queckenstedt’s and Valsalva tests. 
Postoperative effects of decompression were determined 
with high CSFP rise during Valsalva maneuver and respon-
sive Queckenstedt’s test, which is consistent with prior 
studies [23]. Our results are also consistent with findings of 
abnormal CSF velocity and waveform in DCM derived 
from phase-contrast magnetic resonance imaging [24]. 
Both CSFP and ISP analysis allowed the estimation of the 
optimum perfusion pressure according to algorithms estab-
lished in acute SCI.  Values obtained from our patients 
ranged between 70 and 75 mmHg, which strongly resemble 
previous reports from traumatic SCI patients [18, 20]. 
Currently, evidence-based recommendations on blood pres-

sure regimens in DCM do not exist; hence, as with spinal 
hemodynamics in acute SCI, more evidence is certainly 
needed [25–28].

With regard to Valsalva maneuver, we detected a CSFP 
increase of more than 40 mmHg in supine position with high 
temporal resolution. Previous investigators report pressure 
rise during Valsalva maneuver of more than 20 mmHg, and 
maximum of 35  mmHg, but suspected the average rise to 
exceed 20 mmHg when examined in larger cohorts [29]. Our 
findings support this notion. Much lower increases with a 
similarly steep slope were seen with Queckenstedt’s test. 
These findings point out different mechanisms of how 
Valsalva and Queckenstedt’s affect CSF dynamics. In our 
patients we could not determine whether pressure increase is 
only related to surgical decompression. Therefore, to iden-
tify surgery-related changes and to account for specific test 
effects on CSF dynamics, for systematic future evaluations 
we perform both pre- and postoperative Queckenstedt’s test 
and Valsalva maneuver.

We conclude that CSFP/ISP and SCPP measurements are 
feasible, safe, and functionally promising approaches to indi-
vidually monitor intradural pressure in DCM before, during, 
and after surgical decompression. Furthermore, results 
derived from this method may indicate changes in intrathecal 
pressure, thereby revealing postoperative complications such 
as critical edema and hemorrhage. Thus, countermeasures 
could be initiated at an early stage. Our findings encourage 
further research.
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