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v

The International Conference on Intracranial Pressure and Neuromonitoring (“ICP 
Conference”) is dedicated to the exchange of ideas and research results in multimodality neu-
romonitoring and management of diseases of the central nervous system. To achieve its goals, 
the ICP Conference brings together a diverse group of clinicians—including neurosurgeons, 
neurologists, neurointensivists, and anesthesiologists—as well as scientists, engineers, infor-
maticists, and mathematicians.

Since its inception in 1972 at Hannover Medical School in Germany, the ICP Conference 
has maintained a special focus on the measurement of intracranial pressure in trauma, stroke, 
hydrocephalus, and during administration of anesthesia, as well as the interpretation of the 
associated recordings. With the increasing complexity of patient monitoring in perioperative 
and neurocritical care, and the ability to archive and retrospectively analyze the multimodal 
and multivariate monitoring data streams, the scope of the ICP Conference has expanded to 
include all monitoring modalities in neurological, neurocritical, and neurosurgical care.

The 16th ICP Conference was held in Cambridge, Massachusetts, from June 28 through 
July 2, 2016, and continued the long tradition of bringing together diverse groups of clinicians 
and researchers to advance the field of neuromonitoring. We are particularly pleased to have 
been joined by the Cerebral Autoregulation Research Network (CARNet), whose sixth annual 
meeting was co-hosted with the 2016 ICP Conference and thereby significantly expanded the 
breadth and richness of the meeting.

The conference attracted over 300 attendees, including 81 trainees, from 28 countries across 
six continents. It featured 235 contributed presentations as well as 15 keynote lectures and 
panel discussions from leading experts in the fields of traumatic brain injury, neurocritical care 
informatics, cerebrovascular autoregulation, hydrocephalus, visual impairment and intracra-
nial hypertension, spreading depolarizations, and craniosynostosis. The 61 papers contained in 
this volume represent a cross section of the work presented at the conference and provide a 
glimpse into the current state-of-the-art in neuromonitoring. They also serve as a reminder that 
many important questions in these domains remain to be resolved to the full benefit of patients 
with brain injuries and neurological disorders. We look forward to the 17th ICP Conference in 
2019 in Leuven, Belgium, with the hope that some of the pressing questions may be addressed 
by then.

I wish to thank the members of the Local Scientific Steering Committee and the International 
Advisory Committee for their help and guidance. Additionally, I wish to acknowledge the 
unwavering administrative support of Ms. Caitlin Vinci, whose help and support made the 
conference and this book possible.

Cambridge, MA Thomas Heldt, Ph.D. 
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Abstract Introduction: The aim of this analysis was to 
investigate to what extent median cerebral perfusion pres-
sure (CPP) differs between severe traumatic brain injury 
(TBI) patients and between centres, and whether the 2007 
change in CPP threshold in the Brain Trauma Foundation 
guidelines is reflected in patient data collected at several cen-
tres over different time periods.

Methods: Data were collected from the Brain-IT data-
base, a multi- centre project between 2003 and 2005, and 
from a recent project in four centres between 2009 and 2013. 
For patients nursed with their head up at 30° and with the 
blood pressure transducer at atrium level, CPP was corrected 
by 10 mmHg. Median CPP, interquartile ranges and total 
CPP ranges over the monitoring time were calculated per 
patient and per centre.

Results: Per-centre medians pre-2007 were situated 
between 50 and 70 mmHg in 6 out of 16 centres, while 10 

centres had medians above 70 mmHg and 4 above 80 mmHg. 
Post-2007, three out of four centres had medians between 60 
and 70 mmHg and one above 80 mmHg. One out of two  
centres with data pre- and post-2007 shifted from a median 
CPP of 76 mmHg to 60 mmHg, while the other remained at 
68–67 mmHg.

Conclusions: CPP data are characterised by a high inter-
individual variability, but the data also suggest differences in 
CPP policies between centres. The 2007 guideline change 
may have affected policies towards lower CPP in some cen-
tres. Deviations from the guidelines occur in the direction of 
CPP > 70 mmHg.

Keywords Severe traumatic brain injury · Cerebral perfu-
sion pressure · Brain Trauma Foundation · Guidelines · 
Pressure variability

 Introduction

The recommendation for targeting cerebral perfusion pres-
sure (CPP) in the Brain Trauma Foundation (BTF) guide-
lines on the management of severe traumatic brain injury 
(TBI) has changed from keeping CPP above 70 mmHg in 
the 1996 edition [1] to 50–70 mmHg in the 2007 edition 
[2]. The change to recommending lower CPP was mainly 
inspired by the non-beneficial effect of keeping CPP above 
70 mmHg by administering high doses of vasopressors in 
the randomised controlled trial performed by Robertson 
et al. [3]. This was later confirmed in the post hoc analysis 
of the Selfotel data [4]. As it has been demonstrated that 
adherence to the BTF guidelines effectively had a positive 
effect on outcomes in severe TBI [5, 6], one would expect 
such change in recommendation to be followed, and hence 
to lead to alterations in CPP policy across centres. Our 
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study on the visualisation of pressure and time burden of 
intracranial hypertension in TBI included patients who 
were collected from data-capture initiatives in several cen-
tres over different periods of time [7]. The aim of this anal-
ysis was to investigate to what extent median CPP differed 
between patients and between centres and whether the 
change in guideline with respect to CPP target in 2007 was 
reflected in the clinical data.

 Methods

The adult group of the study cohort consisted of 261 patients 
with severe TBI. Of these, 166 patients were included from 
the Brain-IT database, a European multi-centre data collec-
tion made between March 2003 and July 2005 [7, 8]. The 
Multi-Centre Research Ethics Committee for Scotland 
MREC/02/0/9 granted the use of these data for scientific 
purposes on 14 February 2002. The data of the remaining 95 
adult patients were collected from four centres between 
2009 and 2013 [7]: San Gerardo Hospital Monza (Italy), 
University Hospitals Leuven (Belgium), University Hospital 
Antwerp (Belgium) and University Hospital Tübingen 
(Germany). Local Ethics Committee approval to use the 
anonymised data for this analysis was obtained in all four 
centres. Two centres delivered data to both the early and 
later cohort. For patients nursed head up at 30° and with the 
blood pressure transducer at atrium level, CPP was cor-
rected by subtracting 10 mmHg. Median CPP, interquartile 
range and total CPP range over the patients’ monitoring 

time were calculated per patient and per centre, a similar 
analysis was done for patients’ median CPPs.

 Results

Over the entire cohort, the median CPP per patient varied 
between 27 and 96 mmHg, while the global CPP range 
extended from 0 to >140 mmHg. The per-centre median of 
patients’ medians varied between 58 and 87 mmHg. Overall, 
inter-individual variability exceeded inter-centre variability. 
CPP variability was independent of intracranial pressure, 
and hence was also reflected in mean arterial pressure 
(MAP) variability. In line, CPP strongly correlated with 
MAP, and this analysis expressed different centre policies. 
Per-centre medians pre-2007 were situated between 50 and 
70 mmHg in 6 out of 16 centres, while 10 centres had medi-
ans above 70 mmHg and 4 above 80 mmHg (Fig. 1). Centre 
comparison post-2007 demonstrates that three centres had 
their median CPP between 50 and 70 mmHg, while one was 
above 80 mmHg (Fig. 1). The post-2007 patient data 
grouped per centre clearly suggest an effect of centre CPP 
policy in addition to inter-individual CPP variability (Fig. 2).

With respect to the potential effect of guideline change in 
2007, the overall mean CPP dropped from 71.1 (± 10.4) mmHg 
before 2007 to 61.1 (± 14.5) mmHg after 2007 (p = 0.001). 
One of the two centres with data pre- and post- 2007 shifted 
from a centre median CPP of 76 to 60 mmHg before and after 
2007, while the other remained at 68–67 mmHg.
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 Discussion

The current analysis demonstrates that in the patient cohorts 
studied, the inter-individual CPP variability exceeds the 
inter-centre variability as expressed in interquartile ranges 
and total ranges. However, it is still possible to discern an 
effect of centres’ CPP target policies in the data. The change 
in CPP thresholds in the BTF guidelines in 2007 did affect 
one of the two centres where this could be measured, while 
the rate of 75% post-2007 having median CPP below 
70 mmHg may also mean that an effort was made to follow 
the BTF guidelines. When looking at individual data, though, 
it can be stated that deviations from the BTF guidelines 
occurred more frequently to the right, i.e. to higher CPPs, 
than to the left, i.e. to lower CPPs. To the best of our knowl-
edge, this is the first study specifically documenting CPP 
adherence and variability.

When studying CPP variability across centres and 
patients, two questions emerge. The first question is how 
accurately CPP can effectively be steered towards specific 

values or ranges in the everyday clinical setting, given that it 
is influenced by ICP variability, MAP variability including 
systemic events and responses to drugs, and by responses to 
therapeutic actions intended to decrease raised ICP. This 
question is particularly relevant in light of the recommended 
CPP range being narrowed down to 60–70 mmHg in the lat-
est version of the BTF guidelines issued this year [9], as well 
as in light of the emerging concept of dynamic individual 
CPP targets influenced by autoregulation capacity [10, 11]. 
The second question is whether deviations to the right (higher 
CPPs) originate from the fear of too low CPP and possible 
associated ischaemia, while the effects of too high CPP are 
less well documented or feared. In fact, the higher incidence 
of acute respiratory distress syndrome (ARDS) reportedly 
associated with vasopressors in the CPP > 70 mmHg group 
in the trial by Robertson et al. [3] does not seem to be that 
much of a concern in clinical practice.

The current analysis is a spin-off of another study for which 
the current data were brought together [7]. Hence, it is limited 
by its retrospective nature. Moreover, only four centres  
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contributed data in the post-2007 cohort. Different centres 
used different CPP methodology, i.e. they had the arterial 
blood pressure transducer at tragus or at atrium height and 
nursed patients flat or with their head up at 30°. For patients 
with the transducer at atrium height and being nursed at 30° 
head up, the CPP was corrected by subtracting 10 mmHg [esti-
mation of tragus-atrium distance × sin(30°) × 0.76 mmHg/
cmH2O]. When we repeated the analysis without this correc-
tion, all conclusions stated in the first paragraph of the discus-
sion section remained valid.

While it may be irrelevant to issue CPP targets that are 
expected to be universally valid in all patients at all times, it 
may be useful to produce CPP safety limits. The current 
study demonstrated that centres’ CPP policies do have some 
effect, but that it is exceeded by intra- and inter-individual 
CPP variability.
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Abstract Objective: Although secondary insults such as 
raised intracranial pressure (ICP) or cardiovascular compro-
mise strongly contribute to morbidity, a growing interest can 
be noticed in how the pre-hospital management can affect 
outcomes after traumatic brain injury (TBI). The objective of 
this study was to determine whether pre-hospital co- morbidity 
has influence on patterns of continuously measured wave-
forms of intracranial physiology after paediatric TBI.

Materials and methods: Thirty-nine patients (mean age, 
10 years; range, 0.5–15) admitted between 2002 and 2015 
were used for the current analysis. Pre-hospital motor score, 
pupil reactivity, pre-hospital hypoxia (SpO2 < 90%) and 
hypotension (mean arterial pressure < 70 mmHg) were docu-
mented. ICP and arterial blood pressure (ABP) were moni-
tored continuously with an intraparenchymal microtransducer 
and an indwelling arterial line. Pressure monitors were con-
nected to bedside computers running ICM+ software. 
Pressure reactivity was determined as the moving correlation 
between 30 10-s averages of ABP and ICP (PRx). The mean 
ICP and PRx were calculated for the whole monitoring 
period for each patient.

Results: Those with pre-hospital hypotension were sus-
ceptible to higher ICP [20 (IQR 8) vs 13 (IQR 6) mmHg; 
p = 0.01] and more frequent ICP plateau waves [median = 0 
(IQR 1), median = 4 (IQR 9); p = 0.001], despite having 
similar MAP, CPP and PRx during monitoring. Those with 
unreactive pupils tended to have higher ICP than those with 
reactive pupils (18 vs 14 mmHg, p = 0.08). Pre-hospital 
hypoxia, motor score and pupillary reactivity were not 
related to subsequent monitored intracranial or systemic 
physiology.

Conclusion: In paediatric TBI, pre-hospital hypotension 
is associated with increased ICP in the intensive care unit.

Keywords Brain · Injury · Pre-hospital · ICP

 Introduction

Traumatic brain injury is a major cause of morbidity, particu-
larly in children. After the initial injury, secondary injuries, 
such as raised intracranial pressure (ICP), decreased cerebral 
perfusion pressure (CPP), impaired cerebral blood flow reg-
ulation or hyperthermia, contribute to further intracranial 
and systemic insult and, importantly, represent a potential 
avenue for therapy [1]. Thus, in adults and children, preven-
tion of secondary injury forms an integral part of the inten-
sive care management.

Monitoring of ICP affords the opportunity to detect evolv-
ing intracranial pathology and monitor the efficacy of ICP- 
lowering therapies. However, deciding which patients may 
benefit from ICP monitoring is uncertain, particularly in 
children. Current guidelines from adults indicate that ICP 
monitoring should be considered in those with a Glasgow 
Coma Score of 8 or less, or with an abnormal computed 
tomography (CT) scan [2].

At the scene of the brain trauma, several features are 
available that can indicate impaired oxygen delivery to the 
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brain, such as systemic hypoxia and systemic hypotension, 
or provide an early indication of secondary cerebral 
 dysfunction such as impaired pupillary reactivity or impaired 
motor response to painful stimuli. How these early clinical 
features relate to the intracranial variables subsequently 
monitored on the intensive care unit, such as ICP, cerebral 
pressure reactivity (PRx), CPP and mean arterial pressure 
(MAP), is unknown.

 Methods

 Patients

Thirty-nine patients were recruited from the paediatric inten-
sive care unit at Addenbrooke’s Hospital, Cambridge, UK, 
between the years of 2002 and 2015. The data are routinely 
collected for clinical purposes and guides the management 
of patients. The analysis of data within this study for the pur-
poses of service evaluation was approved by the Cambridge 
University Hospital NHS Trust, Audit and Service Evaluation 
Department (Ref. 2143) and did not require ethical approval 
or patient consent. Patients were included in this cohort if 
they had a clinical need for ICP monitoring. Patients were 
treated according to current paediatric traumatic brain injury 
guidelines [3], which aim to keep the ICP below 20 mmHg 
through a stepwise regime, including: positioning, sedation, 
paralysis, osmotic agents, ventriculostomy and induced 
hypothermia. Pre-hospital clinical features—hypotension 
(age adjusted [4]), hypoxia (SpO2 < 90%), pupil reactivity 
and motor score—were extracted from the pre-hospital phase 
of management (first recorded measure).

 Data Acquisition and Analysis

Arterial blood pressure (ABP) was measured at the radial or 
femoral artery, zeroed at the level of the heart (Baxter 
Healthcare, Westlake Village, CA, USA; Sidcup, UK). ICP 
was measured with an intraparenchymal microsensor in the 
frontal cortex (Codman ICP Micro-Sensor; Codman & 
Shurtleff, Raynham, MA, USA). ICP and ABP data were 
collected at 100 Hz with an analogue to digital converter 
(DT9801, Data Translation, Marlboro, MA, USA) coupled 
with a laptop computer running ICM+ software (University 
of Cambridge, Cambridge Enterprise, Cambridge, UK, 
http://www.neurosurg.cam.ac.uk/icmplus). Pressure reac-
tivity index (PRx) was calculated as the moving correlation 
between 10-s averages of ICP and ABP. Patients ICP, PRx, 
mean arterial pressure (MAP) and CPP were then averaged 
over the first 72 h of their intensive care unit stay.

 Statistical Analysis

Mean ICP, PRx, CPP and MAP over the first 3 days of moni-
toring were calculated. The influence of the presence or 
absence of prehospital factors (hypotension, hypoxia, more 
than one unreactive pupil, motor score 3 or less) on subse-
quent ICP and PRx were tested using a non-parametric 
Wilcoxon test. All data manipulations and analysis were per-
formed using R language and software environment for sta-
tistical computation (version 2.12.1) [5].

 Results

The median age was 12 years (range, 0.5–15). Of the 39 
patients, 14 were female, 15 had pre-hospital hypoxia, 9 
had pre-hospital hypotension, 7 had at least one unreactive 
pupil and 12 had a motor score of 3 or less. Those with 
pre- hospital hypotension had a higher mean ICP over the 
first 3 days of monitoring (median 13.7, IQR 6.33 vs 20.6, 
IQR 8.33 mmHg p = 0.01; Fig. 1). Those with unreactive 
pupils tended to have higher ICP than those with reactive 
pupils (18.02 vs 13.68 mmHg, p = 0.08). Those with pre-
hospital hypotension had more plateau waves, and tended 
to have a lower power of slow waves of ICP. Pre-hospital 
clinical factors did not influence subsequently monitored 
PRx (Table 1), MAP or CPP (data not shown).
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Fig. 1 Relationship between pre-hospital hypotension and mean ICP 
after TBI (n = 33). Paediatric TBI patients with pre-hospital hypoten-
sion (MAP less than 70 mmHg) had higher mean ICP during subse-
quent multimodality monitoring
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 Discussion

In this study, we investigated the relationship between pre- 
hospital clinical factors and subsequent intracranial physiol-
ogy after severe traumatic brain injury in children. Children 
with pre-hospital hypotension went on to develop higher 
ICP. Pre-hospital hypotension should alert the clinician to 
the potential for subsequent problems with ICP control.

Pre-hospital hypotension in the setting of traumatic brain 
injury can have many causes, including blood loss, obstruc-
tive shock or a systemic inflammatory response, and its pres-
ence has been shown to be an indicator of poor prognosis in 
both adults and children [6]. After brain trauma, any systemic 
hypotension reduces cerebral perfusion pressure and thus 
potentially causes cerebral hypoperfusion and ischaemia.

Against this context, our finding of increased ICP follow-
ing hypotension could have a variety of causes. It is possible 
that an early cerebral ischaemia triggers a cascade of events 
that result in cerebral swelling and raised ICP. In support of 
this, Marmarou et al. [7] examined the combined effects of 
hypoxia and hypotension on subsequent brain swelling and 
found an increased ICP with the combination of early insults.

The tendency of unreactive pupils to be related to ICP is con-
sistent with the thesis that raised intracranial pressure can disrupt 
the function of the oculomotor nerve. Pre-hospital hypoxia and 
impaired motor response to pain did not seem to influence subse-
quent ICP. No pre-hospital factors were related to subsequently 
monitored PRx, MAP or CPP, perhaps indicating that these fac-
tors are more closely related to insults occurring in the intensive 
care unit rather than before admission to the hospital.

 Implications

Early prediction of raised ICP has the potential to facilitate 
the management of traumatic brain injury patients by alerting 
the clinicians to patients who require more intensive monitor-

ing or perhaps a lower threshold for ICP treatment. However, 
prediction remains difficult and is usually confined to analy-
sis of high-frequency ICP waveforms [8]. Thus, the current 
preliminary findings, if confirmed, could enhance existing 
ICP prediction tools. In addition, the current data potentially 
indicate that enhanced pre-hospital care may aid in avoiding 
secondary insults occurring up to 72 h after admission to hos-
pital. Furthermore, the finding of a relationship between pre-
hospital hypotension and subsequent ICP highlights the need 
to include pre-hospital factors in the analyses between physi-
ological variables and patient outcome.

 Limitations

As this current analysis is from quite a small dataset, we can-
not exclude that more subtle relationships between pre- 
hospital factors and ICP or PRx may emerge with a larger 
dataset [9].

 Conclusion

After severe paediatric traumatic brain injury, those patients 
with pre-hospital hypotension go on to develop higher ICP.
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Abstract Objectives: We aimed to determine prognostic 
factors that can influence the outcome of severe traumatic 
brain injury (TBI) in children.

Materials and methods: One hundred and sixty-nine 
patients with severe TBI were included. Consciousness was 
evaluated using the Glasgow Coma Scale (GCS). Severity of 
concomitant injuries was evaluated using the Injury Severity 
Score (ISS). Computer tomography (CT) scanning was used 
on admission and later. Intracranial injuries were classified 
using the Marshall CT scale. Intracranial pressure (ICP) 
monitoring took place in 80 cases. Serum samples of 65 
patients were tested for S-100β protein and of 43 patients for 
neuron specific enolase (NSE). Outcomes were evaluated 
6 months after trauma using the Glasgow Outcome Scale 
(GOS). Statistical and mathematical analysis was conducted. 
The accuracy of our prognostic model was defined in another 
group of patients (n = 118).

Results: GCS, pupil size and photoreaction, ISS, hypoten-
sion and hypoxia are significant predictors of outcome of 
severe TBI in children. CT results complement the forecast 
significantly. The accuracy of surviving prognosis came to 
76% (0.76) in case of S-100β protein level ≤ 0.25 μg/l and 
NSE level < 19 μg/l. A mathematical model of outcome 
prognosis was based on discriminant function analysis. The 

model of prognosis was tested on the control group. The 
accuracy of prognosis was 86%.

Conclusions: A personalised prognostic model makes it 
possible to predict the outcome of severe TBI in children on 
the first day after trauma.

Keywords Severe brain injury · Outcomes · Prognosis · 
Intracranial hypertension · Math model

 Introduction

In Moscow, a 1.5-times increase in patients with traumatic 
brain injury (TBI) has been observed in the past 5 years. 
Total mortality amounts to 5–10%, but in the case of severe 
TBI this rate goes to 41–85% [1, 2]. Recent medical achieve-
ments make it possible to decrease the mortality rate, but the 
frequency of severe disability and persistent vegetative state 
in such patients is still high [3–5]. Economic losses for gov-
ernment include not only treatment expenses and supplies 
for the disabled, but missed profits and future potential 
labour losses as well. Further technology development and 
implementation of new health care standards are expected to 
lead not only to improved treatment results but also to 
increases in health care costs. So, the choice of most effi-
cient and economically profitable treatment should unavoid-
ably become a key issue. Prognosis may be very useful in 
this case. Perel et al. [6] reported that despite a great amount 
of evidence there is no universal application of prognostic 
abilities. Nowadays most doctors are prone to be either 
excessively optimistic or too pessimistic. It seems to be 
attributed to differences in material and technical equipment 
as well as in medical staff qualifications [6]. A variety of 
clinical, radiological and laboratorial investigations were 
determined to be independent predictors of TBI outcome [1, 
4, 5, 7]. The development of multifactor models using these 
predictors allows prognosis to be personalised. The most 
available personalised models of TBI prognosis in adults are 
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prognosis calculators based on crash and impact studies. 
Unfortunately, no such research has been done for 
children.

 Methods and Materials

We retrospectively reviewed 169 cases of severe TBI 
[Glasgow Coma Scale (GCS) ≤8] in children who were 
admitted to our clinic in a 7-year period (from 2004 to 
2011). Level of consciousness was evaluated using 
GCS. The frequency and severity of concomitant injuries in 
children are usually due to so-called high-energy trauma [2, 
5]. Severity of concomitant injuries was evaluated using the 
Injury Severity Score (ISS). Computed tomography (CT) 
remains the leading method of objective diagnostics. All 
children underwent brain CT. We used the Marshall CT 
scale for brain injury classification (Fig. 1). We also moni-
tored intracranial pressure (ICP). The rising interest in 
serum brain injury marker usage is related to the develop-
ment of modern immunology and biochemistry and to their 
commercial availability [7–10]. The dynamics of S-100β 
protein and neuron specific enolase (NSE) levels was anal-
ysed. We evaluated serum samples for S-100β protein level 
in 65 patients on days 1–3, 6–8, 14–15 and 20–23 after 
injury. In 43 patients, the serum level of NSE was 
analysed.

We estimated the outcomes of severe TBIs using the 
Glasgow Outcome Scale (GOS). Patients with good recovery 
and mild disability (GOS 4–5) were included in the positive 
outcome group; patients with severe disability and persistent 
vegetative state (GOS 2–3), in negative outcome group. The 
third group consisted of patients with lethal outcome (GOS 1).

A mathematical model approach is meant to be the most 
informative for prognosis. Widespread personal computer 
usage for creating databases and availability of applicable 
programs for mathematical calculations have become a 
background for the creation of multifactor prognosis models. 
On the basis of discriminant function analysis, a person-
alised model of severe TBI outcome prognosis in children 
has been designed. The basic model is founded on seven 
signs, which can be observed during pre-hospital period and 
after patient’s admission: age, hypoxia during the pre- 
hospital period, GCS level, size and reaction of pupils, pres-
ence of concomitant injury, ISS level, type of damage 
according to Marshall CT scale. For GCS and ISS levels, 
numerical values were used. For other predictors, gradations 
of values are given in Table 1. All the signs were classified 
and the classificatory matrix, that is reflective for weighting 
coefficients and constants for each outcome variant, was 
made, Table 2. Using this classificatory matrix of basic 
model, it is possible to calculate the discriminant function 
value for each outcome by applying this formula:
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Fig. 1 Marshall CT scale on admission the first day after injury

Table 1 Predictors of outcome and their meanings

Predictor Value

Age (F1) 1 − <4 years
2 − ≥4 to <8 years
3 − ≥8 to <13 years
4 − >13 years

Pre-hospital hypoxia (F2) 0 − no, 1, − yes

GCS (F3) Points

Pupillary diameter @ light reflex 
(F4)

1 − normal
2 − anisocoria
3 − midriasis

Presence of concomitant injury 
(F5)

1 − no, 2 − yes

ISS scale (F6) Points

Marshall CT scale (F7) 1 − (I), 2 − (II), 3 – (III), 
4 − IV, 5 – (V), 6 – (VI)

Table 2 The classification matrix of outcomes. Recorded weight val-
ues for all predictors in each outcome group

Predictor Coefficient

GOS 1 GOS 2, 3 GOS 4, 5

Age k1 1.39 1.02 1.63

Prehospital hypoxia k2 10.15 7.66 8.23

GCS k3 7.25 7.62 7.65

Pupillary diameter @ light 
reflex

k4 14.08 12.02 9.71

Presence of concomitant 
injury

k5 4.62 4.85 5.72

ISS scale k6 0.50 0.49 0.32

Marshall CT scale k7 2.02 1.85 1.51

Constant −56.99 −52.18 −45.78

S.V. Meshcheryakov et al.
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DF =  (k1 × F1) + (k2 × F2) + (k3 × F3) + (k4 × F4)  
+ (k5 × F5) + (k6 × F6) + (k7 × F7) + C

where DF is the discriminant function value, k1–7 are 
weighting coefficients of predictors, F1–7 are predictor val-
ues and С is a constant.

The largest discriminant function value accords with the 
most probable outcome. The accuracy of positive outcome 
prognosis (GOS 4–5) is more than 90%, and for lethal out-
come prognosis (GOS 1) the accuracy is more than 80%.

In our study, we used analysis of variance, log-regression 
analysis, cluster analysis and non-parametric statistic meth-
ods—Spearman’s Rank Correlation Index and the Gamma 
Index in particular. The mathematical model of severe TBI out-
come prognosis was based on discriminant function analysis.

 Results

Among 169 cases of severe TBI admitted, boys accounted 
for 66.1% and girls for 33.9%. Average age was 8.9 ± 5 years. 
Most of the patients (64.2%) were injured in road traffic 
accidents; 18.8% of injuries were caused by falling from 
height; in 10% it was an injury resulting from the fall of a 
heavy object on their head; in 3.8%, forced trauma; in 3.1%, 
gunshot wound.

Trauma mechanism and outcomes differ in age groups 
(Fig. 2). Infants (n = 7) were shown to have forced brain 
trauma frequently; in this group, we saw lethal outcomes in 
43% of cases and positive outcomes in 43% of cases, respec-

tively. Children 1–3 years old (n = 23) were injured in road 
traffic accidents more often and by falling from a height less 
frequently. The mortality rate in this group was 21.7%; posi-
tive outcomes were seen in 47.8% of cases. The leading cause 
of brain injury in children of 4–17 years old was road traffic 
accidents and more rarely they were injured by falling from a 
height. Gunshot wounds were seen only in several patients 
and were connected to careless handling of firearms.

Statistical analysis showed that positive outcomes of 
severe TBI were more frequent in elder children, and lethal 
outcomes were seen more often in infants. There was no sta-
tistically reliable difference in outcome for children of dif-
ferent age (p = 0.1). Six months after injury, we estimated 
that 47.9% of patients had positive outcome and total mortal-
ity rate was 27.8%.

In 48% of patients (n = 81) the GCS score was 7–8, while 
in 35% (n = 59) the GCS score was 5–6, and the conscious-
ness level of 17% of patients (n = 29) was estimated as 3–4 
by GCS. Patients with GCS 7–8 were shown to have positive 
outcomes more often (in 65.9% of cases), and lethal out-
comes in this group accounted for only 6.1%. In the group of 
patients with GCS 5–6, positive outcomes were seen more 
rarely (in 35.6% of cases), but negative and lethal outcomes 
prevailed and accounted for 28.8% and 35.6% respectively. 
Outcomes in children with GCS 3–4 at 6 months after injury 
were mostly negative, and the mortality rate came to 82.1%. 
The outcome of TBI in children depends on level of con-
sciousness: positive outcomes were seen statistically more 
often in patients with higher GCS level. A strong correlation 
was determined (Gamma Index = 0.6663, p < 0.05).

unfavourable outcome
more often if age <1 y.

favourable outcome
more often if age >7 y.

< 1

P>0,05

43% 43%
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50,9%

30,1%27,9%
25,6%
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20%
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Fig. 2 Frequency of unfavourable and favourable outcomes of severe TBI in children of different ages
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TBI was associated with concomitant injuries in 63.3% of 
cases (n = 107). The average ISS for concomitant injuries 
was 32.8 ± 9.7. Chest trauma prevailed (63.5%) among con-
comitant injuries; abdominal cavity and retroperitoneal 
organs were damaged in 53% of patients; orthopaedic trauma 
was registered in 53% of cases, vertebral column injury in 
13% of cases and craniofacial trauma in 24% of cases.

It was shown for children with GCS > 5 that outcome 
depended mostly on TBI severity and that ISS level did not 
play a significant role for prognosis. In contrast, for children 
with GCS < 5 the probability of positive or negative outcome 
correlated with ISS level. In the case of ISS ≤ 32, we saw 
positive outcomes statistically more frequently. In the case of 
ISS > 40, the same conclusion was true for negative out-
comes. Moderate correlation was determined between severe 
TBI (GCS 6–8) outcome and ISS level in case of concomi-
tant injuries (Gamma Index = 0.476, p < 0.05).

Intracranial pressure (ICP) monitoring was instrumented 
in 80 patients (47.3%). Neurosurgical procedures were per-
formed in 31% (n = 53) of children with severe TBI: in 9% 
(n = 15) of cases, there was craniotomy accompanied by hae-
matoma removal and depressed fracture reposition; in 22.5% 
(n = 38) of cases, decompressive craniectomy was done.

Statistical analysis showed moderate correlation between 
GCS level and type of brain injury by Marshall CT scale, 
size of pupils and photoreaction. Type II diffuse brain injury 
occurred in patients with GCS 6–8 statistically more fre-
quently and type IV in patients with GCS 3–5. Anisocoria 
was seen reliably more often in patients with GCS 5–6 and 
accounted for 24.3%. Photoreaction loss and mydriasis 
occurred in patients with GCS 3–4 and came to 15.9%. A 

moderate correlation was determined (Gamma 
Index = 0.5377, p < 0.05). Negative outcomes in children 
with mydriasis and photoreaction loss were determined in 
89% of cases; among them, lethal outcomes amounted to 
74%. In case of anisocoria, we saw negative outcomes in 
61% of patients; among them, lethal outcomes were regis-
tered in 24.4%. In case of safe photoreaction, 62% of out-
comes were positive and mortality rate came to only 17.8%.

Non-parametric analysis showed statistically reliable 
moderate correlation between severe TBI outcome in chil-
dren and level of cisterna ambiens compression (Gamma 
Index = 0.6501, p < 0.05), and low correlation in case of 
subarachnoid haemorrhage and midline shift (Gamma 
Index = −0.329 and 0.027 respectively, p < 0.05). Outcomes 
differed due to Marshall CT scale variants of injury (Fig. 3). 
Positive outcomes (68.5%) occurred more often in patients 
with type I–II diffuse brain injury. Negative (43%) and lethal 
(43%) outcomes were observed in case of type III–IV diffuse 
brain injury. Strong correlation was determined (Gamma 
Index = −0.711, p < 0.05). In patients after mass-effect 
removal procedures (type V by Marshall CT scale), positive 
outcomes were seen in 46% of cases. When mass effect per-
sisted continuously (type VI), we observed lethal outcomes 
more frequently (in 45% of patients). Moderate correlation 
was determined (Gamma Index = −0.501, p < 0.05).

Hypotension and hypoxia were detected in every third 
patient. Negative outcomes in children with hypotension and 
hypoxia were shown in more than 70% of cases and were 
statistically more frequent (p = 0.015).

We considered 0.090–0.125 μg/l as the upper normal 
serum level for S-100β protein and 13 μg/l for NSE 
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Fig. 3 Frequency outcomes in various brain injury (Marshall CT scale)
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 respectively. In case of positive outcome, the S-100β protein 
and NSE levels were high at 1 day after brain injury and then 
they decreased to normal values after 2–3 days. In case of 
negative outcome, the S-100β protein and NSE levels stayed 
high for 10 days on average and then showed a tendency to 
decrease. In case of lethal outcome, S-100β protein and NSE 
levels remained high until the patient’s death. The highest 
level of S-100β protein was observed in children with nega-
tive outcomes of severe TBI in combination with concomi-
tant injuries, and it was explained in recent scientific 
publications that other tissues could produce this protein as 
well in case of injury [1, 6, 9]. The S-100β protein and NSE 
levels differed statistically reliably in the group of survivors 
and in the group of children with lethal outcomes (p = 0.038). 
By contrast, we observed that there was no correlation 
between these levels in patients with positive outcome (GOS 
4–5) and in patients with negative outcome (GOS 2–3). The 
accuracy of surviving prognosis in children with severe TBI 
came to 76% (0.76) in case of S-100β protein level ≤ 0.25 
μg/l and NSE level <19 μg/l.

The accuracy of our prognostic model was defined in the 
group of patients (n = 118) that were admitted to our clinic in 
2012–2015. Boys accounted for 63.5% (n = 75), girls for 
36.5% (n = 43). Average age was 10.2 ± 5 years. Level of 
consciousness was estimated as GCS 7–8 in 50% of patients 
(n = 59), as GCS 5–6 in 35.6% of patients (n = 42) and as 
GCS 3–4 in 14.4% of patients (n = 17). In that group, chil-
dren had concomitant injuries in 85% of cases (n = 100), and 
the severity of concomitant injuries was estimated as 
28.2 ± 7.5 by ISS scale. Positive outcomes (GOS 4–5) were 
seen in 65.3% of patients (n = 17), negative outcomes 
(GOS2–3) in 17.8% of patients (n = 21) and lethal outcomes 
(GOS = 1) in 16.9% of patients (n = 20). The personalised 
model of severe TBI outcome prognosis was tested on a con-
trol group of patients, which consisted of children with 
severe TBI had been admitted to our clinic in 2012–2015. 
The accuracy of prognosis (total right prognosis) was 86%.

 Discussion

The prognostic value of age as a predictor of severe TBI out-
come was confirmed in adult patients [1–4, 8]. The increase 
of negative outcomes in elderly patients is mostly due to 
health decrement and escalation of the frequency of compli-
cations. It is thought that children of tender age have more 
compensation abilities, and so they can show better recovery 
after severe TBI [5]. But some anatomical and physiological 
aspects of children’s metabolism increase the risk of severe 
primary brain injury in comparison with adults. Moreover, 
physiological brain sensitivity makes children more prone to 
secondary brain injury. So, age cannot be considered as 

 independent and statistically reliable predictor of severe TBI 
outcome in children, but it may determine the mechanism of 
trauma and the structure of brain injury. Hypotension and 
hypoxia are still the leading factors of secondary brain injury 
[4, 11].

CGS level still can be considered as a strong predictor of 
TBI outcome, and it is used in most prognostic scales and 
models [1, 4, 6, 11, 12].

Size of pupils and photoreaction can be assessed easily 
and accurately at any moment after injury. These predic-
tors still remain as principal and common prognostic fac-
tors of TBI outcome: they are included in 85% of prognostic 
models [6].

The severity of concomitant injuries (ISS) has an influ-
ence on severe TBI outcome in children at a greater degree in 
case of GCS level more than 5, but for children with 3–5 
GCS level this influence is not statistically reliable. On the 
one hand, concomitant injuries induce the development of 
such pathophysiological processes as hypoxia or hypoten-
sion, which can lead to secondary brain damage. On the 
other hand, in most cases we can control concomitant inju-
ries, so secondary brain damage can be avoided completely. 
The situation when ISS level can influence the TBI outcome 
is mostly in the group with higher GCS level. For example, 
brachial plexus injury can decrease the quality of life signifi-
cantly in patients with good consciousness recovery, and in 
cases of permanent vegetative state such recovery may be 
considered as inessential.

Marshall CT scale can be useful not just for brain injury 
classification [12]. Using this scale, we can predict either the 
risk of ICP increase or the possible outcome of severe TBI in 
children.

There is not enough evidence about the role of neuro- 
specific biomarkers in the prognosis of functional outcome 
of severe TBI, but their serum levels can be useful for predic-
tion of survival and lethal outcomes in such patients [7–10].

An internal check of the proposed mathematical model’s 
prognostic accuracy showed optimistic results—total accu-
racy came to 86%. However, it seems to be necessary to per-
form an external test based on similar children in neurosurgery 
departments in other Russian clinics.

 Conclusions

Hypoxia and hypotension were shown to deteriorate the out-
come and to be non-positive prognostic factors for severe TBI 
in children. GCS level, size of pupils, photoreaction, type of 
injury by Marshall CT classification and ISS level were 
proved to be statistically reliable predictors of severe TBI out-
come in children. By contrast, we determined that the severity 
of concomitant injuries (ISS level) did not influence severe 
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TBI outcome in case of GCS 3–5. S100β and NSE serum 
levels can be useful to predict survival or lethal outcome. A 
personalised prognostic model makes it possible to predict 
the severe TBI outcome in children at first day after trauma.
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Abstract Objective: In nearly 1,000 traumatic brain injury 
(TBI) patients monitored in the years 1992–2014, we identi-
fied 18 vegetative state (VS) cases. Our database provided 
access to continuous computer-recorded signals, which we 
used to compare primary signals, intracranial pressure (ICP)-
derived indices and demographic data between VS patients, 
patients who survived but who were not VS (S), and patients 
who died (D).

Method: Mean values of ICP, arterial blood pressure 
(ABP) and cerebral perfusion pressure (CPP) from the whole 
monitoring periods were compared between the different 
outcome groups. Secondary indices included pressure reac-
tivity index (PRx), the magnitude of slow ICP vasogenic 
waves, the pulse amplitude of the first harmonic component 
of the ICP waveform and heart rate (HR).

Results: Mean blood pressure was lowest in the VS 
group—significantly in comparison to those who died 
(p = 0.02) and almost significantly (p = 0.1) in comparison to 
the patients who survived. Mean ICP in VS patients was 
lower than those who died (VS, 13 ± 5 mmHg; D, 
22 ± 14 mmHg; p < 0.001), but not significantly different 
from those who survived (p > 0.05). The magnitude of slow 
vasogenic ICP waves was the same in VS patients and those 
who died, but significantly lower than in those who survived 
(S, 1.04 ± 0.57 mmHg; VS, 0.74 ± 0.45; p = 0.01).

Conclusion: Patients who progress to a VS differ from 
non-VS survivors in displaying decreased power of slow 
vasogenic waves and from those who die by not experienc-
ing as high a burden of intracranial hypertension.

Keywords Vegetative state · Brain injury · Outcome · 
Intracranial pressure · Slow waves

 Introduction

Brain monitoring following traumatic brain injury (TBI) 
nowadays includes multiple modalities. Intracranial pres-
sure (ICP) is one of the essential signals. Along with arte-
rial blood pressure (ABP), it permits the calculation of 
cerebral perfusion pressure (CPP), which in turn is neces-
sary for conducting CPP-oriented management [1]. 
However, high ICP itself is associated with increased mor-
tality [2]. Therefore, contemporary management protocols 
combine the lower threshold of CPP (CPP is usually >60–
70 mmHg) and the upper thresholds for ICP (20–25 mmHg). 
The individualisation of thresholds for CPP and ICP has 
been proposed recently [3, 4]; however, these proposals 
still await confirmation using prospective randomised 
multi-centre trials.

Monitoring of ICP cannot by itself improve outcome after 
TBI [5], unless it is associated with an efficient protocol tar-
geting the prevention of its elevation [6]. As ICP can be 
affected by multiple mechanisms (arterial blood inflow, 
venous outflow, cerebrospinal fluid circulation, volumetric 
brain/lesion changes), the information included in pressure 
waveforms is very complex and can be processed and pre-
sented in a multitude of ways [7]. Simple time-averaging is a 
crude but efficient method.

A vegetative state (VS) is fortunately uncommon after 
TBI. In nearly 1,000 TBI patients monitored in the years 1992–
2014, we identified only 18 such cases. Our long- established 
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database provided access to continuous computer- recorded 
brain monitoring modalities (from 1992 to 2003, 1-min aver-
ages; from 2003 to 2014, high-resolution ABP and ICP signals), 
which we used to compare primary monitored signals, ICP-
derived indices and demographic data between VS patients, 
patients who survived but who were not in a VS (S) and patients 
who died (D).

 Material and Method

All patients were sedated, intubated and mechanically ven-
tilated. A CPP/ICP-oriented protocol for TBI management 
was used, which targeted maintenance of CPP above 
65 mmHg and ICP below 25 mmHg [8]. Anonymised digi-
tal recordings were deposited in a computer database. The 
baseline neurological status of each patient was determined 
using the Glasgow Coma Score (GCS) collected on scene, 
before intubation. The clinical outcome was assessed at 
6 months using the Glasgow Outcome Scale (GOS). All 
data were recorded as a part of standard clinical care. Data 
were averaged for the whole time of stay in the Neuro-
Critical Care Unit (NCCU) of Addenbrooke’s Hospital in 
Cambridge, UK. All patients were managed according to 
NCCU management protocol, and monitored under approval 
of both the Ethics (REC97/291) and the NCCU Users 
Committees.

Mean arterial pressure (MAP) was monitored inva-
sively through the radial or femoral artery using a stan-
dard pressure monitoring kit (Baxter Healthcare, 
CardioVascular Group, Irvine, CA, USA). The blood 
pressure transducer was zeroed at the right atrial level. 
ICP was monitored using an intraparenchymal probe 
(Codman ICP MicroSensor; Codman & Shurtleff Inc., 
Raynham, MA, USA) inserted into the frontal cortex. 
Mean values of ICP, ABP and cerebral perfusion pressure 
(CPP) were compared between the different outcome 
groups (numbers of patients in each group: VS, 18; D, 
222; S, 712). Secondary indices included pressure reactiv-
ity index (PRx), the cerebrospinal compensatory reserve 
index (RAP—the 5-min correlation coefficient between 
10-s averages of pulse amplitude of ICP and mean ICP), 
the magnitude of slow ICP vasogenic waves (the square 
root of the ICP power spectrum within frequency limits 
0.005 and 0.05 Hz), the pulse amplitude of the first har-
monic component of ICP pulse waveforms and heart rate 
(HR). Bedside computers running ICM (until 2003) and 
ICM+ (from 2003 onward) software were used. Non-
parametric comparison tests were used.

 Results

Typical trends of ICP and CPP in the VS and D groups are 
presented in Fig. 1. Mean blood pressure was lowest in the 
VS group—significantly in comparison to those who died 
(p = 0.02) and almost significantly (p = 0.1) in comparison to 
the patients who survived. The distributions of mean ICP and 
slow vasogenic waves in different outcome groups are given 
in Fig. 2. Mean ICP in VS patients was lower than those who 
died (VS, 13 ± 5 mmHg; D, 22 ± 14 mmHg; p < 0.001), but 
not significantly different from those who survived but were 
not VS (VS, 13 ± 5 mmHg; S, 14.7 ± 5.3 mm Hg; p > 0.05). 
Remarkably, the magnitude of slow vasogenic ICP waves 
was the same in VS patients and those who died, but signifi-
cantly lower than in those who survived (S, 1.04 ± 0.57 mm 
Hg; VS, 0.74 ± 0.45; p = 0.01). There was a trend (p = 0.1) 
for better cerebrovascular reactivity in VS patients than in 
those who died. CPP, cerebrospinal compensatory reserve, 
heart rate and pulse amplitude of ICP were not significantly 
different between the groups.

 Discussion

With the exceptions of brain imaging studies [9] and electro-
physiological investigations [10], there is little known about 
the physiology of VS. Links between specific profiles of 
brain monitoring in acute periods and outcome are very 
rarely discussed.

Patients who progress to the VS differ from non-VS sur-
vivors in displaying decreased power of slow vasogenic 
waves, and from those who died by not experiencing as high 
a burden of intracranial hypertension. There was a trend in 
patients with VS to have better cerebral autoregulation than 
in patients who died. Due to the low number of VS patients, 
the standard error of PRx was too high in the VS group to 
classify this difference as significant.

These data reinforce the view that ICP has a critical role 
in driving survival in TBI, but that the quality of survival is 
more strongly associated with autoregulatory indices and 
dynamics of the ICP signal, which discriminate between sur-
vivors who do and do not recover consciousness.

Raised dynamics of the ICP signal may be also estimated 
using entropy measures. Recently, low entropy (complexity) 
of ICP was reported to be associated with increased mortal-
ity after TBI [11]. The complexity of ICP in patients with VS 
should be analysed—and this will be done in the future, 
when we have a larger number of cases with raw data 
recordings.
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Abstract Objective: The main role of the cerebral arterial 
compliance (cAC) is to maintain the stiffness of vessels and 
protect downstream vessels when changing cerebral perfu-
sion pressure. The aim was to examine the flexibility of the 
cerebral arterial bed based on the assessment of the cAC in 
patients with traumatic brain injury (TBI) in groups with and 
without intracranial hematomas (IHs).

Materials and Methods: We examined 80 patients with 
TBI (mean age, 35.7 ± 12.8 years; 42 men, 38 women). 
Group 1 included 41 patients without IH and group 2 
included 39 polytraumatized patients with brain compres-
sion by IH. Dynamic electrocardiography (ECG)-gated com-
puted tomography angiography (DHCTA) was performed 
1–14 days after trauma in group 1 and 2–8 days after surgical 
evacuation of the hematoma in group 2. Amplitude of arte-
rial blood pressure (ABP), as well as systole and diastole 
duration were measured noninvasively. Transcranial Doppler 
was measured simultaneously with DHCTA. The cAC was 
calculated by the formula proposed by Avezaat.

Results: The cAC was significantly decreased (p < 0.001) 
in both groups 1 and 2 compared with normal data. The cAC 
in group 2 was significantly decreased compared with group 
1, both on the side of the former hematoma (р = 0.017). 

Conclusion: The cAC in TBI gets significantly lower 
compared with the conditional norm (p < 0.001). After 
removal of the intracranial hematomas, compliance in the 

perifocal zone remains much lower (р = 0.017) compared 
with compliance of the other brain hemisphere.

Keywords Brain injury · Intracranial hematoma · Cerebral 
arterial compliance

 Introduction

The secondary insults to patients with traumatic brain injury 
(TBI) are greatly affected by changes in the compliance and 
stiffness of cerebral vessels. The walls of downstream ves-
sels have no external elastic membrane; therefore, the cere-
bral capillary network becomes vulnerable to intracranial 
and intravascular pressure surges [1].

One of the features characterizing the flexibility of the 
vascular network and its resistance to the said changes is 
the cerebral arterial compliance (cAC) [2]. The state of the 
cAC is of great importance for the brain microcirculation. 
Because the brain is located within an inextensible cranial 
cavity and is surrounded by an incompressible fluid, the 
compensation of intracranial pressure surges caused by the 
pulse wave passage through the brain blood vessels occurs 
also through the reciprocal changes in arterial lumens [3]. 
Thus, the higher the cAC, the greater the compliance of a 
vascular wall and, respectively, the better is the capacity of 
a vessel to change its lumen (i.e., the vasomotion phenom-
enon), and thereby to maintain the adequate capillary bed 
perfusion [4].

Information on the compliance and stiffness of the cerebral 
vascular bed in the damaged brain is currently rather inconsis-
tent [2, 5], and aspects of the cAC reaction to the intracranial 
hematoma (IH) development and the disturbed cerebral blood 
flow (CBF) in the case of TBI remain underinvestigated [3, 6]. 
The main objective of this study was to examine the flexibility 
of the cerebral arterial bed based on the assessment of the cAC 
in TBI groups with and without IH.
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 Materials and Methods

The study complies with the Declaration of Helsinki [adopted 
in June 1964 (Helsinki, Finland) and revised in October 2000 
(Edinburgh, Scotland)] and was approved by the local ethics 
committee. All the patients gave informed consent to partici-
pate in the study. We examined 80 TBI patients who were 
treated at the Departments of Neurosurgery in 2013–2016. 
All patients were divided into two groups. Group 1 included 
41 patients with TBI without the development of IH; group 2 
included 39 patients with TBI and IH.

 Dynamic Helical Computed Tomography 
Angiography

All patients were subjected to dynamic helical computed 
tomography angiography (DHCTA) [7] using a Philips 
Ingenuity CT (Philips Medical Systems, Cleveland, OH, 
USA). DHCTA was performed 1–12 days after TBI (mean 
4 ± 3 days) in group 1 and 2–8 days (mean, 4 ± 2 days) after 
trauma and surgery of the hematoma in group 2.

DHCTA was performed on 16 volumes of data, 160 mm 
in thickness, within 60 s of administration of contrast agent 
(Ultravist 370; Schering, Berlin, Germany) [7]. During or 
immediately after DHCTA, the monitoring of the transcra-
nial Doppler (TCD) of the MCA was recorded bilaterally 
with 2-MHz probes within 10 min [8].

Amplitude of arterial blood pressure (ABPamp) and elec-
trocardiography (ECG)-gated duration of the systole (Тsys) 
and the diastole (Тdia) were measured noninvasively 
(IntelliView MP5; Philips Medizin Systeme, Hamburg, 
Germany). The system appearance is shown in Fig. 1.

The data volume was transferred to the workstation 
[Philips Extended Brilliance Workspace (Philips HealthCare, 

Best, The Netherlands) and MATLAB 2013b (The 
MathWorks, Natick, MA, USA)].

The CBF and cerebral blood volumes (CBVs) were 
calculated from the DHCTA data with complex mathe-
matical procedures, using the “direct flow model” algo-
rithm [9].

The systolic–diastolic values of the middle cerebral artery 
(MCA) diameters (Dsys and Ddia) were determined in CTA 
series in the proximal part of the M1 of both MCAs.

The amplitude of regional CBV oscillation (∆CBV) was 
calculated as the difference between CBVs which flowed 
through the MCA in systole (CBVsys), and diastole (CBVdia). 
We used the formulas (1, 2 and 3) proposed by de Jong, 
Alexandrov and Avezaat [8–10].

 
∆CBV CBV CBVsys dia= −  (1)

 
∆CBV CBFV CBFVsys sys sys dia dia dia= × × × − × × ×

π π
4 4

2 2D T D T  

(2)

 
cAC CBV ABPamp= ÷∆  (3)

Reference range cAC was chosen according to Ikdip [11] 
as 0.105 ± 0.043 cm3/mmHg.

 Statistical Analysis

The t-test for dependent samples was utilized to analyze dif-
ferences in means of parameters between the ipsilateral and 
contralateral sides of the temporal lobes. The program 
Statistica 7.0 (StatSoft, Tulsa, OK, USA) was used for the 
analysis. Data are presented as mean ± SEM. A significance 
level was preset to p < 0.05.

 Results

Sex distribution had a male predominance (38 women, 42 
men). Mean age was 35.7 ± 12.8 years (range, 17–87). The 
wakefulness level according to GCS averaged 9.7 ± 2.5 in 
group 1 and 10.1 ± 2.5 in group 2.

The acquired and analyzed data are summarized in 
Table 1.

The cAC was significantly decreased (p < 0.001) in both 
groups 1 and 2 (TBIs without or with IH, respectively) in 
comparison with normal data (p < 0.001).

The cAC in group 2 was significantly decreased com-
pared with group 1, both on the side of the former hematoma 
(р = 0.017).

Fig. 1 The investigation system appearance. A white arrow indicates a 
computer tomograph, a black arrow shows a TCD, a blue arrow shows 
ECG-ABP monitor and a gray arrow marks a syringe-injector
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There was no significant difference in cAC between the 
perifocal zone of the former hematoma and the same locus of 
the contralateral hemisphere (р = 0.172).

 Discussion

It is currently shown that the disturbed microcirculation 
plays a key role in the development of hypoperfusion epi-
sodes in patients with TBI. The cAC is deemed to be one of 
the most important indices, which reflects the degree of the 
compliance and resistance to deformation of the arterial net-
work in response to spontaneous fluctuations in systemic 
hemodynamics [12].

The dynamics of the cAC in TBI remains to date poorly 
studied. At the same time, cAC assessment is required as it 
may serve as a predictor for an ischemic brain injury [2].

In our study, we have shown that the cAC in TBI is sig-
nificantly and statistically reliably reduced compared with 
the norm.

In our opinion, there may be several reasons for such cAC 
dynamics, but all of them are associated, more or less, with 
the development of a brain edema [1].

Firstly, the development of a mixed cerebral edema increases 
the arterial wall stiffness, which affects the cAC [13].

Secondly, an edema development causes the diastolic 
compression of a pial bed; thus, significantly reducing the 
capillary bed capabilities to retain its lumen, and accord-
ingly, to maintain the vasomotor activity [9].

It should be noted that the development of the IH changes 
even more the cAC value.

Here we have shown that even after the removal of an IH, 
the cAC in the perifocal zone remained significantly lower 
compared to TBI without IH development.

This effect may be explained by the data of Behzadi [14], 
which have shown that the CBF is dependent not only on 
cAC but also on the diameter of blood vessels, which may 
considerably vary in case of TBI because of the macrovascu-
lar and microvascular vasospasm.

To our knowledge, it is impossible to carry out the dynamic 
assessment of the cAC without a repeated DHCTA. In our 

study, we failed to eliminate a mathematical error associated 
with the measurement of the MCA diameters [8].

Thus, our results enable us to conclude that in the early 
period of TBI some pronounced changes in the cAC and 
cerebral microcirculation are observed, which are exacer-
bated by the development of enveloped hematomas.

Our findings may have certain practical significance for 
optimizing the brain edema therapy, which would prevent 
the development of cerebral perfusion disorders in patients 
with TBI.

 Conclusion

The cAC in TBI gets significantly lower compared with the 
normal condition (p < 0.001). After removal of the intracra-
nial hematomas, the compliance in the perifocal zone 
remains much lower (р = 0.017) compared with compliance 
of the other brain hemisphere.
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Abstract Objective: The aim was to evaluate changes in 
cerebrovascular resistance (CVR) in combined traumatic 
brain injury (CTBI) in groups with and without intracranial 
hematomas (IH).

Materials and Methods: Treatment outcomes in 70 
patients with CTBI (42 males and 28 females) were studied. 
Mean age was 35.5 ± 14.8 years (range, 15–73). The patients 
were divided into two groups: group 1 included 34 CTBI 
patients without hematomas; group 2 comprised 36 patients 
with CTBI and IH. The severity according to the Glasgow 
Coma Scale averaged 10.4 ± 2.6 in group 1, and 10.6 ± 2.8 in 
group 2. All patients underwent perfusion computed tomog-
raphy (CT) and transcranial Doppler of both middle cerebral 
arteries. Cerebral perfusion pressure and CVR were 
calculated. 

Results: The mean CVR values in each group (both with 
and without hematomas) appeared to be statistically signifi-
cantly higher than the mean normal value. Intergroup com-
parison of CVR values showed statistically significant 
increase in the CVR level in group 2 on the side of the 
removed hematoma (р = 0.037). CVR in the perifocal zone 
of the removed hematoma remained significantly higher 
compared with the symmetrical zone in the contralateral 
hemisphere (p = 0.0009).

Conclusion: CVR in patients with CTBI is significantly 
increased compared to the normal value and remains ele-
vated after evacuation of hematoma in the perifocal zone 
compared to the symmetrical zone in the contralateral hemi-
sphere. This is indicative of certain correlation between the 
mechanisms of cerebral blood flow autoregulation and main-
taining CVR.

Keywords Combined traumatic brain injury · Intracranial 
hematoma · Cerebrovascular resistance

 Introduction

The optimum cerebral perfusion can be determined using 
simultaneously several methods of evaluating cerebral 
macrocirculation and microcirculation—for example, tran-
scranial Doppler (TCD) studies done simultaneously with 
perfusion computed tomography (PCT), with subsequent 
calculation of “secondary” surrogate indices [1]. Such an 
approach is widely used in studying cerebral blood flow 
(CBF) [2]. The use of this approach provides the opportunity 
to assess the status of the cerebral microcirculatory bed [1] 
and to calculate the indices of cerebral hemodynamics with 
high accuracy [3]. One of these parameters is cerebrovascu-
lar resistance (CVR) [4]. It has been established that CVR 
provides constant brain perfusion in conditions of changing 
blood pressure (BP), which prevents vasogenic brain edema 
development. Such an effect of CVR occurs within the same 
BP interval in which the mechanisms of CBF autoregula-
tion operate. It speaks of a definite correlation between the 
mechanisms of CBF autoregulation and maintaining CVR 
[5]. Change in CVR occurs mainly through changing smooth 
muscle tonus of the whole microcirculatory bed—namely, 
small arterioles and capillaries, which account for 50% of 
total vascular resistance [6, 7]. Thus, CVR reflects the status 
of all bloodstream components and is of great importance for 
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understanding the physiology of vascular disturbances after 
brain injury [8]. It has been established that CVR increase is 
a predictive sign of cerebral vasospasm and delayed ischemia 
development [9]. Therefore, understanding  microcirculatory 
reaction, particularly in conditions of combined traumatic 
brain injury (CTBI) against the background of intracranial 
hematoma (IH) formation, allows the development of CBF 
impairment to be predicted. The aim was to evaluate changes 
in CVR in severe CTBI in groups with and without IH.

 Materials and Methods

The study complies with the Declaration of Helsinki and 
was approved by the local Ethics Committee of Nizhny 
Novgorod Regional Clinical Hospital N.A. Semashko. All 
the patients gave informed consent to participate in the 
study. Seventy patients with CTBI were treated at the 
Regional Trauma Center in 2012–2015. The mean age of 
the patients was 35.5 ± 14.8 years (range, 15–73). There 
were 28 women and 42 men. The patients were divided into 
two groups: group 1 included 34 CTBI patients without 
hematomas; group 2 comprised 36 patients with CTBI and 
IH (6 epidural, 26 subdural, 4 multiple). The groups were 
comparable in age and severity of TBI and concomitant 
lesions. The severity of condition according to the Glasgow 
Coma Scale (GCS) in group 1 averaged 10.4 ± 2.6; in group 
2 it was 10.6 ± 2.8. The severity of injuries according to the 
Injury Severity Score scale in group 1 averaged 32 ± 8 and 
was 31 ± 11 in group 2. All patients underwent surgery 
within the first 3 days.

 Perfusion Computed Tomography

All the patients underwent a PCT examination of the brain on 
a multislice tomograph (Toshiba Aquilion TSX-101A; Toshiba 
Medical Systems, Zoetermeer, The Netherlands). In group 1, 
PCT examination of the brain was performed within the first 
14 days after injury (average of 4 ± 3 days); in group 2, it was 
done within 2–8 days after surgical procedure (average of 
4 ± 2 days). All the patients breathed spontaneously, and 
required no BP support. The data were transferred to a Vitrea 
2 workstation (Vital Imaging, Salt Lake City, UT, USA). The 
regions of interest (ROIs) were established symmetrically sub-
cortically in the temporal lobes on the level of the middle tem-
poral gyrus, which corresponded to the vascular supply area of 
the middle cerebral artery (MCA). In patients of group 2, the 
ROI located on the side of the removed hematoma corre-
sponded to the perifocal zone of microcirculatory changes. 
Assessment of the mean arterial pressure (MAP) was per-
formed (MAP-03; Cardex, Nizhny Novgorod, Russia) simul-

taneously with PCT and was immediately followed by TCD of 
both MCAs (Sonomed 300 M; Spectromed, Moscow, Russia) 
to provide consistent conditions for the study of CBF. Cerebral 
perfusion pressure (CPP) was calculated using the formula 
modified by Czosnyka et al. [10]:

 Calculated CPP MAP d m= × ÷ +V V 14  

where Vd is diastolic velocity, Vm is mean velocity.
In PCT study we also calculated the values of regional 

СBF. To calculate CVR the following formula was used [11]:

 CVR CPP rCBF= ÷  

The mean normal CVR value (the conditional norm) was 
estimated as follows [11]:

 1 31 0 24. .± × ×mmHg 100g min/ml.  

 Statistical Analysis

The obtained data had a normal distribution, so they were 
presented as the average ± standard deviation. Comparisons 
between the groups were performed using the Student t-test. 
The level of significance was taken as p < 0.05.

 Results

Analysis of the studied parameters in the groups (Table 1) 
showed that the mean CVR values in each group CTBI (both 
with and without IH) appeared to be statistically significantly 
higher than the mean normal value. Intergroup comparison 
of CVR values showed statistically significant increase in the 
CVR level in group 2 on the side of removed IH compared 
with group 1 (р = 0.037).

The most significant differences were revealed in patients 
of group 2: the mean CVR in the perifocal zone of removed 
IH remained significantly higher compared to that in the 
symmetrical zone of the contralateral hemisphere 
(p = 0.0009). Besides, diastolic and mean CBF velocity as 
well as CPP differed significantly in the above zones 
(р = 0.005, р = 0.001 and р = 0.0000001, respectively). 
Analysis of CVR values in various types of IH showed no 
statistically significant differences (р > 0.05).

 Discussion

The evaluation of CVR status is necessary since it can 
serve as a predictor of posttraumatic vasospasm and sec-
ondary brain damage development [4, 12]. It has been 
demonstrated that CVR in CTBI statistically significantly 
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increases  compared with the norm. One of the reasons for 
this increase is development of mixed brain edema [12], 
resulting in compression of pial vessels. CT signs of brain 
edema were found in all 70 patients and indirectly confirm 
this hypothesis. Another reason may be regional microvas-
cular vasospasm due to a high concentration of blood deg-
radation products trapped in the subarachnoid spaces. This 
effect results from oxidation of oxyhemoglobin to methe-
moglobin with release of ferrum ions. Moreover, super-
oxides are supposed to change NO concentration, which 
leads to development of microvascular vasospasm [9]. In 
our study, TCD revealed no signs of vasospasm in those 
who suffered CTBI. In contrast to laser Doppler flowmetry, 
this method does not provide the possibility to evaluate 
microvascular spasm. Also, compression of microvascula-
ture can develop due to astrocytic endfeet swelling directly 
adjacent to the capillary wall [13]. The compression of pial 
vessels is associated with dysfunction of pericytes, the cells 
embedded in the basement membrane of capillaries. It has 
been reported that narrowing of arterioles and capillaries 
in TBI occurs due to impaired expression of endothelin-1 
and its pericytic receptors type A and B; this is caused by 
migration of more than 40% of pericytes from basement 
membrane [14]. It should be noted that brain compres-
sion by IH changes CVR even more. Thus, we have found 
that even after IH evacuation, CVR in its perifocal zone 
remained significantly higher than in the symmetrical zone 
of the contralateral hemisphere. Some researchers point 
out that compression of the capillary system in the peri-
focal zone of hematoma can reach such values at which 
blood flow in arterioles stops [4]. Such a situation leads to 
reduction in the number of functioning capillaries and CVR 
increase on the side of compression. In these conditions, 
temporary microvascular shunts open, and supracapillary 
and intercapillary shunting phenomena develop to maintain 
perfusion in the perifocal zone [14]. Probably, the develop-

ment of capillary shunting syndrome explains the daunting 
result obtained in our study, when predicted CVR value on 
the side of the removed hematoma appeared to be higher 
than MAP. Thus, the obtained findings enable us to con-
clude that in the early stage of CTBI, marked changes in 
CVR and cerebral microcirculation occur, which are exac-
erbated by development of ICH.

 Conclusion

CVR at CTBI is significantly increased compared to the nor-
mal value. After evacuation of hematoma in the former peri-
focal zone, CVR remains significantly elevated compared to 
the symmetrical zone in the opposite hemisphere. The analy-
sis of CVR status offers the possibility to distinguish a group 
of patients with high risk of cerebral vasospasm and second-
ary insult development.
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Abstract Objective: Computed tomography (CT) of the 
brain can allow rapid assessment of intracranial pathology 
after traumatic brain injury (TBI). Frequently in paediatric 
TBI, CT imaging can fail to display the classical features of 
severe brain injury with raised intracranial pressure. The 
objective of this study was to determine early CT brain fea-
tures that influence intracranial or systemic physiological 
trends following paediatric TBI.

Materials and methods: Thirty-three patients (mean age, 
10 years; range, 0.5–16) admitted between 2002 and 2015 
were used for the current analysis. Presence of petechial 
haemorrhages, basal cistern compression, subarachnoid 
blood, midline shift and extra-axial masses on the initial 
trauma CT head were assessed. ICP and arterial blood pres-
sure (ABP) were then monitored continuously with an intra-
parenchymal microtransducer and an indwelling arterial 
line. Pressure monitors were connected to bedside computers 
running ICM+ software. Pressure reactivity was determined 
as the moving correlation between 30, 10-s averages of ABP 
and ICP (PRx). The mean ICP, ABP, cerebral perfusion pres-
sure (CPP; ABP minus ICP) and PRx were calculated for the 
whole monitoring period for each patient.

Results: The presence of subarachnoid blood was related 
to higher ICP, higher ABP and a trend toward higher PRx. 
Smaller basal cisterns were related to increased ICP 
(R = −0.42, p = 0.02), impaired PRx (R = −0.5, p = 0.003). 
The presence of an extra-axial mass was associated with 
deranged PRx (−0.02 vs. 0.41, p = 0.003) and a trend toward 
higher ICP (14 vs. 40, p = 0.07). Interestingly the degree of 
midline shift was not related to ICP or PRx.

Conclusions: The size of the basal cisterns, the presence 
of subarachnoid blood or an extra-axial mass are all related 
to disturbed ICP and pressure reactivity in this paediatric 
TBI cohort. Patients with these features are ideal candidates 
for invasive multimodal monitoring.

Keywords Imaging • Pediatric • Brain • Injury • Trauma

 Introduction

Traumatic brain injury (TBI) is a major contributor to mortal-
ity and morbidity worldwide, particularly in children [1]. The 
management of paediatric brain injury aims to attenuate 
evolving secondary brain injury that follows the initial 
mechanical insult. Hypotension, hypoxia, hypoglycaemia, 
sustained increased intracranial pressure (ICP), seizures and 
infections are avoided with the aim of maintaining adequate 
cerebral perfusion and preventing herniation syndromes [2]. 
A complex mix of these pathologies can lead to increases in 
ICP and may compromise brain perfusion by reducing cere-
bral perfusion pressure. Uncontrolled ICP is widely accepted 
to be closely linked with disability, poor neurological out-
come and decreased survival in paediatric TBI patients [3]; as 
such, effectively monitoring and managing ICP has become a 
cornerstone of treatment for severe paediatric TBI [3].

Nevertheless, when to institute ICP monitoring in paediatric 
TBI is not well defined. The evidence base for an internation-
ally accepted published recommendation for ICP monitoring in 
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children with severe TBI was only sufficient to state that ICP 
monitoring was appropriate, and only at the level of an option. 
Not enough support exists for a standard or guideline [3].

In clinical practice, the implementation of ICP monitoring 
is usually dependent on the severity of the injury according to 
the level of consciousness as measured with the Glasgow 
Coma Scale (GCS). However, the increased use of early seda-
tion, intubation and ventilation in more severe patients has 
decreased the value of the full GCS for purposes of classifica-
tion [3, 4]. As such, a greater reliance has been placed on 
morphological criteria based on computed tomographic (CT) 
or magnetic resonance imaging (MRI) investigations.

Conventional classification of TBI with CT findings differ-
entiates between focal and diffuse injuries [5]. Marshall et al. 
[6], after analysis of the Traumatic Coma Data Bank, proposed 
a CT classification for grouping patients with TBI according to 
multiple CT characteristics. This CT classification identifies 
six different groups of patients with TBI, based on the type and 
severity of several abnormalities on the CT scan.

It differentiates between patients with and without mass 
lesions and permits further discrimination of patients with 
diffuse injuries into four categories, taking into account signs 
of raised ICP. Since its introduction, this CT classification 
has become widely accepted for descriptive purposes and is 
increasingly being used as major predictor of outcome in 
TBI. Various studies have confirmed the predictive value of 
the CT classification [7]. Of these signs, the basal cisterns of 
the midbrain are arguably the most commonly used measure 
of the degree of brain swelling, being an indicator of the 
available perimesencephalic space at the tentorial incisura. 
Often the assumption is made that if the cisterns are not 
effaced, ICP is unlikely to be significantly elevated, and ICP 
monitoring may not be required [8]. Problems arise in paedi-
atric TBI, where initial CT scans fails to demonstrate the 
same devastating levels of injury found in adult patients with 
similar ICP trends and mechanism of injury [9].

Here in we analyse the patterns of CT abnormality that 
are linked to deranged patterns of multi-modality monitoring 
in a group of paediatric TBI patients. In particular, we have 
focused on the patency of the basal cisterns and depth of 
mass lesions to give critical volumes that would encourage 
surgical intervention.

 Methods

 Patients

The data in this study were collected retrospectively from data 
records of paediatric severe traumatic brain injury patients 
admitted to Addenbrookes Hospital Paediatric Intensive Care 
Unit (PICU) between January 2002 and December 2015. The 

insertion of an intracranial monitoring device is part of routine 
clinical practice and, as such, did not require ethical approval. 
The data are routinely collected for clinical purposes and 
guide the management of patients. The analysis of data within 
this study for the purposes of service evaluation was approved 
by the Cambridge University Hospital NHS Trust, Audit and 
Service Evaluation Department (Ref. 2143) and did not require 
ethical approval or patient consent.

Patients were included in this cohort if they had a clinical 
need for ICP monitoring. Patients were treated according to 
current paediatric traumatic brain injury guidelines [2], 
which aim to keep the ICP below 20 mmHg through a step-
wise regime including: positioning, sedation, paralysis, 
osmotic agents, ventriculostomy and induced hypothermia.

 Data Acquisition and Analysis

Arterial blood pressure (ABP) was measured and the radial or 
femoral artery zeroed at the level of heart (Baxter Healthcare, 
Newbury Park, CA, USA; Sidcup, UK). ICP was measured 
with an intraparenchymal microsensor in the frontal cortex 
(Codman ICP Micro- Sensor; Codman & Shurtleff, Raynham, 
MA, USA). ICP and ABP data were collected at 100 Hz with an 
analogue-to-digital converter (DT9801; Data Translation, 
Marlboro, MA, USA) coupled with a laptop computer running 
ICM+ software (University of Cambridge, Cambridge 
Enterprise, Cambridge, UK, http://www.neurosurg.cam.ac.uk/
icmplus). Pressure reactivity index was calculated as the mov-
ing correlation between 10 s averages of ICP and ABP. The 
patient’s ICP, PRx, mean arterial pressure (MAP) and CPP were 
then averaged over the first 72 h of their intensive care unit stay.

 Basal Cistern Measurements

Independently, two investigators (A.Y., R.P.), not involved 
with data collection and blinded to the patient’s condition, 
measured the basal cisterns on from the initial admission 
CT head. All CT scans were performed with a basic non-
contrast protocol using a 16-slice scanner (Somatom 
Sensation 16 scanner; Siemens Healthcare, Erlangen, 
Germany). Each observer scrolled through the CT head 
slices to visualise the specific imaging cut demonstrating a 
visual estimation of the greatest width. The image window 
was configured to the ‘brain’ view which yielded the basal 
cisterns in more detail (Hounsfield unit range, 25–40). The 
image was then magnified and the cisterns were measured 
using electronic callipers, with a digital viewer (Centricity 
PACS; General Electric Healthcare, Little Chalfont, UK) 
(Fig. 1).
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 Statistical Analysis

Mean ICP, PRx, CPP and MAP over the first 3 days of moni-
toring were calculated. The influence of the presence or 
absence of pre-hospital factors (hypotension, hypoxia, >1 
unreactive pupil. Motor score 3 or less) on subsequent ICP 
and PRx were tested using a non-parametric Wilcoxon test. 
All data manipulations and analysis were performed on R 
language and software environment for statistical computa-
tion (version 2.12.1) [10].

 Results

The median age was 12 (range, 0.5–15). Of the 39 patients, 
36% were female. 23% of patients presented with a low GCS 
(Motor score 1–4). 5% of patients had bilateral fixed pupils 
and 13% with a unilateral fixed pupil. Mortality occurred in 
18% of patients.

The median ICP was 15.2 (IQR, 12.7–19.2) with a median 
PRx −0.02 (IQR, −0.18 to 0.14). Baseline CT features 
included subarachnoid haemorrhage in 31% of patients and 
midline shift in 63% of patients. Forty-four percent were 

observed to have a focal lesion in the form of a contusion of 
an extra-axial haematoma. Fifty-six percent of patients suf-
fered diffuse axonal injury (DAI). Taking a threshold of 
<2 mm as “compressed basal cisterns”, it was observed that 
on days 1 and 2 of monitoring there was no significant cor-
relation between compression of the basal cisterns and 
ICP. Only on day 3 of monitoring was there a significant dif-
ference in ICP between open basal cisterns (16.2 mmHg) 
compared to those that were compressed (20.1 mmHg; 
p = 0.004; Fig. 1). With regards to PRx, compressed basal 
cisterns trended towards impaired PRx; however, this never 
reach significance. Interestingly, evidence of subarachnoid 
haemorrhage on CT was associated with raised ICP on days 
2 (20.3 mmHg) and 3 (19.8 mmHg) compared to those who 
did not (14.2 mmHg and 14.9 mmHg) on days 2 and 3 
respectively (Fig. 2). Finally, features of midline shift were 
not associated with deranged ICP or PRx (p = 0.62; Fig. 3).

 Discussion

In this study, we investigated the relationship between key 
features of traumatic brain injury on CT and subsequent 
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Fig. 1 ICP and PRx in patients with closed versus open cisterns on initial CT. A difference in ICP between open and compressed was observed 
on day 3 of monitoring (p = 0.004)
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intracranial physiology after severe traumatic brain injury in 
children. Children with evidence of severe injury on scan 
went on to develop higher intracranial pressure. Particularly, 
evidence of subarachnoid haemorrhage on CT was related to 
raised ICP but not deranged PRx. Compression of the basal 
cisterns was linked to increased ICP in these patients; how-
ever, unlike adults, complete obliteration of the cisterns was 
rare. Raised ICP, particularly in days 1 and 2 after injury, was 
present regardless of the patency of the basal cisterns. This 
finding replicates that of Kouvarellis et al. [9], who con-
cluded that children with severe TBI frequently may have 
open basal cisterns on head CT despite increased ICP. Open 
cisterns should not discourage ICP monitoring.

The relationship between subarachnoid haemorrhage and 
raised ICP is interesting. It could simply be related to the 
degree of injury; i.e. a severe injury will be more likely to 
induced haemorrhage and, as such, raise ICP. However, there 
is a suspicion that even a subtle occlusion of cerebrospinal 
fluid drainage could lead to minimal rises in ICP [11].

The lack of correlation between midline shift and ICP or 
PRx is most likely associated with the fact that extra-axial 
haematomas that were causing severe shift were evacuated in 
a timely fashion. Those that were not evacuated were done so 
on clinical grounds and, as a result, justifiable based on the 
lack of ICP/PRx derangement.

 Implications

Early prediction of raised ICP has the potential to facilitate the 
management of TBI patients by alerting the clinicians to 
patients which require more intensive monitoring or perhaps a 
lower threshold for ICP treatment. However, prediction remains 
difficult and is usually confined to analysis of high- frequency 
ICP waveforms. Thus, the current preliminary findings, if con-
firmed, could enhance existing ICP prediction tools. In addi-
tion, the current data potentially indicate that enhanced 
pre-hospital care may aid in avoiding secondary insults occur-
ring up to 72 h after admission to hospital. Furthermore, the 
finding of a relationship between subarachnoid haemorrhage 
and subsequent ICP highlights the need to determine individu-
alised paediatric scoring systems in the analyses between phys-
iological variables and patient outcome.

 Limitations

As this current analysis is from quite a small dataset, we can-
not exclude that more subtle relationships between CT vari-
ables and ICP or PRx may emerge with a larger dataset [12].
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 Conclusion

After severe paediatric TBI, those patients with subarach-
noid haemorrhage and compression of the basal cisterns go 
on to develop higher ICP. It is unusual to have obliterated 
basal cisterns in children even with deranged ICP.
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Abstract Objectives: Prognostic value of intracranial pres-
sure (ICP) is discussed in the recent literature. The aim of 
our study was to find the parameter that could be representa-
tive of ICP variations and might become a good predictor of 
severe traumatic brain injury (TBI) outcomes in children.

Materials and methods: The study included 81 patients 
with severe TBI (2004–2014). Inclusion criteria: GCS ≤ 8, 
age > 3 years old, admission time to our clinic <24 h from the 
time of injury. Mean daily values of ICP were used as a pre-
dictor, Glasgow outcome scale value was used as a grouping 
variable. Outcomes were assessed 6 months after injury.

Results: Total mortality was 27%. We have entered the 
indicator “energy ICP” (E2), which describes the dynamics 
of the process and energy. E2 value in the group of survivors 
was <500 mmHg2; the probability of accurate forecasting 
was 91%. Sensitivity, 0.9; specificity; 0.94.

Conclusions: The proposed method is accessible and easy 
to perform. This method has high specificity in the prediction 
of severe traumatic brain injury outcome and can be a reli-
able tool for ICP control.

Keywords Severe brain injury · Decompressive craniec-
tomy · Prognosis · Intracranial hypertension · GOS · Children

 Introduction

Scientists and neurosurgeons used to repeat time after time 
that head injury is one of the most common causes of death 
and disability in adults and children. However, this problem 
still remains despite all the latest scientific achievements. 

Mortality fell markedly, but traumatic brain injury (TBI) out-
comes are still unsatisfactory. According to recent studies, 
the results of severe TBI treatment in different countries 
remain unsatisfactory in 20–30% of patients [1]. Today, 
more and more experts in the field of severe TBI treatment 
speak about the stagnation in results, and it seems that only 
further development of fundamental science could change 
the current situation.

However, many unresolved questions exist from a practi-
cal point of view. Answers to these questions are directly 
related to the prognosis of severe TBI in children and adults. 
The possibility to predict outcome gives us a chance to man-
age direct care. The understanding of prognosis allows the 
surgeon not only to confirm the fact of effective or non- 
effective treatment, but also to choose the optimal evidence- 
based treatment strategy—in other words, the possibility to 
control the post-injury process [2–5].

The current conception of primary and secondary brain 
injury factors determines their effect on the outcome. 
Intracranial hypertension is considered as one of the most 
important factors [6–9]. It was shown in 1970s–1980s that 
intracranial pressure (ICP) monitoring could help to prevent 
the development of dislocation syndrome and to support 
adequate cerebral perfusion pressure, oxygenation and 
brain’s metabolism [2, 3, 8, 10]. It is particularly important 
for the unformed brain of children in case of injury. Such 
anatomical and physiological aspects as higher intensity of 
metabolism, increased tendency towards brain oedema and 
swelling and higher sensitivity to brain hypoxia increase the 
risk of intracranial hypertension.

No randomised controlled studies have evaluated the 
effectiveness of ICP monitoring in children with severe TBI 
and its correlation with treatment outcome. The lack of clear 
standards for ICP monitoring in children is due to an insuf-
ficient data collection process [2].

The aim of our study was to find the parameter that could 
represent ICP variations and might become a good predictor 
of severe TBI outcomes in children.
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 Methods and Materials

The study includes 81 patients with severe TBI (2004–2014). 
Total mortality runs at 27%. Inclusion criteria was a Glasgow 
Coma Scale (GCS) score ≤8, age >3 years, and admission 
time to our clinic <24 h from the time of injury. Withdrawal 
criteria included patients with extracranial complications 
which resulted in death and age <3 years.

Age ranges from 3 to 17 years. Boys were 67%, girls 
33%. Mean GCS was 6 ± 1.5. Combined injury amounted to 
67.3%. ICP measurements were performed in accordance 
with the guidelines. Decompressive craniectomy was made 
in 22.5% of patients. Patients with GCS 3–4 had mostly 
unsatisfactory outcome. Good outcomes have been observed 
in 48% of patients.

All patients were divided into three groups according to 
outcome: 1— Glasgow Outcome Scale (GOS) 1 (fatal out-
come), 2—GOS 2–3 (severe disability), 3—GOS 4–5 (good 
recovery). Mean daily values of ICP were used as a predic-
tor, GOS value was used as a grouping variable. Outcomes 
were assessed 6 months after injury.

Software: MS Excel 2003, Statistica version 6, MedCalc 
version 13.

 Results

The initial analysis showed that the prediction could be per-
formed only for two outcome variants—survival and death, 
but even in this case the probability of correct classification 
was low and amounted to only 50%. We have developed a 
new predictor—the mean square deviation as an indicator of 
process stability. The ICP variation over a certain period of 
time can be considered as an oscillatory process. It is known 
that the energy of a contour forms out of the electric field 
energy and magnetic field energy. During vibrations, the 
energy of the system transforms from one form to another. 
The ICP variation (its dynamics and intensity) during a cer-
tain time interval can be described in a similar way.

According to classical perception about the oscillatory 
process, the energy of the process is equal to the sum of the 
square of the constant component of the average value and 
the square of the mean-square deviation. For ICP variation 
this value (E2) is the sum of the square of the ICP average 
value and the square of process dispersion:

 
E M ICP ICP2 2 2

ICP STD( ) = ( ) + ( )  

Further analysis of the results showed statistically signifi-
cant correlation between the ICP variation and outcome: the 
higher the value of E2 (ICP), the worse prognosis should be 
suspected (Fig. 1). A Scheffe test (Table 1) confirmed the sta-

tistical significant difference between group 1 and the other 
groups (p < 0.05).

Prognostic threshold of mean daily intracranial pressure 
amounted to 500 mmHg2. The risk of unsatisfactory outcome 
seemed to increase dramatically with higher values of this 
variable. The E2 value in the group of survivors 
was < 500 mmHg2; the probability of accurate forecasting, 
91%. Sensitivity was 0.9, specificity 0.94.

 Discussion

Nowadays scientists and practising neurosurgeons are still 
discussing not only the correlation between ICP values and 
outcome of TBI, but even the necessity of ICP monitoring, 
etc. [2, 3, 11]. Current evidence about this correlation is con-
troversial. For example, in a prospective study made by 
Grinkeviciute et al. [12], 48 children with severe TBI were 
considered, and according to the study results ICP > 25 mmHg 
does not affect the outcome. Moreover, over 90% of patients 
had a satisfactory outcome. It should be recognised that 
authors used to consider ICP values <20 mmHg or >20 mmHg 
in most publications about the impact of ICP on TBI out-
come. Some authors consider average or maximum value of 
ICP but state nothing about the duration of hypertension, 
whereas the prolonged increase of ICP is crucial for the 
severe TBI outcome. The lack of a unified statistical system is 
the cornerstone, which leads to confusion in assessing results.

The debate around the effectiveness of decompressive 
craniectomy drew attention to the threshold values of ICP 
and the permitted duration of intracranial hypertension 
again. Anne Vik et al. [13] offered such a thing as a “dose” of 
intracranial hypertension. They consider the area under the 
curve (AUC of ICP) as a predictor of outcome.
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Kahraman et al. [14] proposed a new predictor—so-called 
“pressure times time dose”—which reflects the degree and 
duration of the ICP rise. The authors point at its high predic-
tive value for severe TBI outcome.

The group of Russian authors describes three types of ICP 
variation in adults during the removal of intracranial haema-
tomas and in the postoperative period (Krylov et al. [4]): type 
I—decrease of ICP during the operation without a subse-
quent rise; type II—decrease of ICP during the operation fol-
lowed by a rise within 2 days after the operation (to values 
less than 30–35 mmHg; type III—high ICP during the opera-
tion with a consequent rise in the postoperative period. The 
authors have established a correlation between the outcome 
and the type of ICP variation. Obviously, the type III ICP 
variation was considered an unsatisfactory outcome 
predictor.

We found it reasonable to dwell on these publications in 
detail to show the relevance and importance of ICP variation 
measurements during a certain time interval. The proposed 
E2 parameter is a quantitative indicator that reflects the pro-
cess oscillation or dispersion objectively. It is easy to register 
it through the monitor or to extract it from the hardware data 
registration in a certain period of time. Moreover, the mean 
square deviation can provide a complete picture of ICP vari-
ations, and it can be another tool of stratification during 
study planning. Of course, such studies are expected to be 
particularly important for children with TBI.

 Conclusion

According to principles of evidence-based medicine, prog-
nosis of the post-injury process course and outcome become 
increasingly important. The proposed method is accessible 
and easy to perform in case of ICP monitoring possibility. 
This method has high specificity (0.94) in the prediction of 
severe TBI outcome and can be a reliable tool for ICP con-
trol, contributing to timely and appropriate clinical decision- 
making. It is doubtless that a large multi-centre study should 
be performed in child neurotraumatology centres to collect 
enough statistically relevant information in this field.
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Abstract  Objectives: Validated optimal cerebral perfu-
sion pressure (CPP) treatment thresholds in children do not 
exist. To improve the intensive care unit (ICU) management 
of the paediatric traumatic brain injury (TBI) population, we 
are forming a new paediatric multi-centre collaboration to 
recruit standardised ICU data for running and reporting 
upon models for assessing autoregulation and optimal CCP 
(CPPopt).

Materials and methods: We are adapting the adult 
BrainIT group’s approach to develop a new Paediatric 
Brain Monitoring and Information Technology Group 
(KidsBrainIT), which will include a repository to store pro-
spectively collected high-resolution physiological, clinical, 
and outcome data. In the first phase of this project there are 
7 UK Paediatric Intensive Care Units, 1 Spanish, 1 Belgium, 
and 1 Romanian Centre interested in participating. In sub-
sequent phases, we plan to open recruitment to other cen-
tres both within Europe, US and abroad. We are collaborating 
with the Leuven Group and plan to use their LAx (low-
frequency autoregulation index), DATACAR (dynamic 
adaptive target of active cerebral autoregulation), CPPopt 
and visualisation methodologies. We also plan to use the 

continuous diffuse optical monitoring and tomography 
technology developed in Barcelona as an acute surrogate 
end-point for optimising brain perfusion. This technology 
allows non-invasive continuous monitoring of deep tissue 
perfusion and oxygenation in adults but its clinical applica-
tion in infants and children with TBI has not been studied 
previously.

Results: We report on the current status of setting up 
this new collaboration and also on pilot analyses in two 
centres which are the basis of our rationale for the need for 
a prospective validation study of CPPopt in children. 
Specifically, we demonstrated that CPPopt varied with 
time for each patient during their paediatric intensive care 
unit (PICU) stay, and the median overall CPPopt levels for 
children aged 2–6 years, 7–11 years and 12–16 years were 
68.83, 68.09, and 72.17 mmHg respectively. Among survi-
vors and patients with favourable outcome (GOS 4 and 5), 
there were significantly higher proportions with CPP mon-
itoring time within CPPopt (p = 0.04 and p = 0.01 
respectively).

Conclusions: There is a need and an interest in forming 
a multi-centre PICU collaboration for acquiring data and 
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performing analyses for determining validated CPPopt 
thresholds in the paediatric TBI population. KidsBrainIT is 
being formed to meet that need.

Keywords Paediatric brain injury • Neurointensive care • 
Informatics • BrainIT

 Background

Traumatic brain injury (TBI) is the commonest cause of death 
in children over 1 year of age [1]. It causes significant mor-
bidity, with the majority of survivors suffering from long-
term severe disability, such as memory and attention deficits, 
personality disorders (frontal lobe syndrome) and learning 
difficulties [2]. The long-term disability socio- economically 
affects survivors as adults, their carers and their communities 
[2]. None of the novel experimental TBI therapies tested in 
the laboratory have translated into effective clinical treatment 
that improves outcome. The current best therapeutic option to 
improve paediatric TBI outcome is to optimise physiological 
support during intensive care management to minimise sec-
ondary physiological insults [3] that are known to negatively 
affect outcome [4–8]. However, therapeutic thresholds for 
abnormal physiology vary between units [9] and are imple-
mented clinically without validation. To give these patients 
the best possible recovery, we urgently need clinically rele-
vant and readily translatable research that optimises paediat-
ric brain trauma treatment and reduces inequality between 
different centres within Britain and worldwide.

Continuous real-time physiological monitoring is a rec-
ognised standard in TBI intensive care management. 
However, unlike many adult neuro-intensive-care units, clin-
ical TBI management, quality improvement and research in 
the paediatric intensive care unit (PICU) often rely on low- 
resolution summary measures of these data, such as a single 
time-point record of an end-of-hour reading. This discards 
vital information, reduces the fidelity of the data and poten-
tially compromises patient safety, clinical management and 
outcome [10]. Reasons for wasting these data include diffi-
culty of accessing, organising and using the data from their 
original sources [10], information overload from the plethora 
of routine data generated with advances in monitoring tech-
nologies [11], variability in clinical documentation methods 
and quality [10] between different units and countries. To 
advance paediatric brain trauma care, we urgently need to 
develop and implement a practical way to systematically 
capture, analyse and integrate the vital improvement infor-
mation embedded in the massive amount of routine clinical 
data generated during patient care [10].

Multi-centre data collection and analysis of such ‘big 
data’ have been shown to generate new hypotheses and 

novel data analysis methods. Examples of such successful 
informatics initiatives in the adult TBI population include 
the BrainIT group and more recently the CENTRE-TBI 
trial. In the paediatric TBI domain, no-one has attempted to 
set up a similar initiative. Because of the age-related devel-
opmental differences in post-TBI physiological responses 
and outcome, a similar informatics based initiative in paedi-
atrics is much needed to make significant advances in this 
field. Using prospectively collected high-resolution physio-
logical data from two PICUs, we demonstrated paediatric 
TBI patients frequently suffered deranged physiology, and 
the quantitative insult burden was related to worsened out-
come [4, 5]. The benefits of using routine high-resolution 
data generated from clinical care for research is evident 
from our feasibility study, unfortunately the complexity and 
burden of such data capture has prevented this from becom-
ing a standard of practice across different PICU. Through 
close collaboration with adult intensivist colleagues, we 
know this can be achieved and will improve TBI care and 
outcome in paediatrics.

The BrainIT group (www.brainit.org) is a multi-centre 
multi-national data-intensive informatics collaborative 
clinical and research network that deliver data-derived 
innovative improvement in adult TBI care, patient safety 
and outcome. Using innovative analytics [4–8] on the 
high-quality paediatric TBI ‘big-data’ in our feasibility 
study in collaboration with BrainIT, we confirm that cur-
rent CPP management and raised ICP treatment are sub-
optimal. We demonstrated that poor outcome occurs when 
clinically measured CPP levels fall below the defined criti-
cal CPP insult thresholds of any duration [5]. Current CPP 
treatment thresholds are ‘best guess’ levels proposed from 
clinicians’ own experience and vary between units [3, 9]. 
As observed in our feasibility study, although these un-
validated CPP treatment thresholds are set higher than the 
defined critical insult thresholds, TBI patients still have 
actual CPP recorded below these critical insult thresholds 
[5]. This highlights the urgent need to have defined and 
validated cerebrovascular autoregulation-driven optimal 
CPP target thresholds (CPPopt) for clinical use and a qual-
ity improvement feedback mechanism for ensuring adher-
ence to the agreed treatment targets (Fig. 1).

In our feasibility study, we retrospectively calculated 
CPPopt using the low-frequency autoregulation index 
(LAx)-CPP plots methodology [2], and then determined the 
relationship between CPPopt and the patients’ clinical global 
outcome assessed at 6 months after brain trauma [7]. We 
demonstrated that CPPopt varied with time for each patient 
during their PICU stay [7]. Among survivors and patients 
with favourable outcome (GOS 4 and 5), there were signifi-
cantly higher proportions with CPP monitoring time within 
CPPopt (p = 0.04 and p = 0.01 respectively) when considered 
as a group [7]. Findings from this feasibility study suggest 
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that keeping measured CPP within calculated CPPopt may 
improve global outcome after paediatric TBI.

Our innovative ICP visualisation plots [8] from the feasi-
bility study demonstrate the intuitive concept that episodes 
of higher ICP can only be tolerated for shorter durations [8] 
(Fig. 2). This means ICP below the single pre-defined treat-
ment level (for example, 15 mmHg) is not necessarily safe if 
sustained for longer durations [8]. Thus, to improve out-
come, we need to have both cerebral autoregulation derived 
CPPopt target thresholds and use an ICP dose-response 
approach that takes into consideration both the duration and 
magnitude of raised ICP.

Through our feasibility study, we have demonstrated the 
importance and effectiveness of multi-centre multi- 
disciplinary multi-national informatics collaborations in 

deriving and testing clinically relevant hypotheses while 
addressing the age-maturation challenges we face in manag-
ing paediatric brain trauma patients. Translating these 
research findings may enhance childhood TBI recovery 
through improving current clinical treatment.

 Aims

We, therefore, aim to establish a new multi-centre, multi- 
disciplinary, multi-national paediatric brain monitoring and 
information technology group (KidsBrainIT), which uses 
routinely collected bedside physiological data in 1-min reso-
lutions, and IT (information technology) innovations to 
improve paediatric traumatic brain injury patients’ care, 
safety and outcome.

In Phase-1, we aim to test two clinically relevant hypoth-
eses derived from our feasibility study: After sustaining TBI, 
paediatric patients with a longer period of measured CPP 
maintained within the calculated optimal CPP (CPPopt) 
range have (1) an improved global clinical outcome, and (2) 
better tolerance against raised ICP.

 Methods

Modelling upon adult BrainIT, we set up a new multi-centre, 
multi-disciplinary and multi-national paediatric clinical and 
research group (KidsBrainIT), which was launched at the 
BrainIT meeting in October 2015. In Phase-1, KidsBrainIT 
brings together key engineering, technical and scientific staff 
from adult BrainIT (in Britain, Belgium, and Spain), and 
also senior clinicians (paediatric intensivists, neurosurgeons 
and neurologists) from Britain, Belgium, Spain and Romania. 
The ten contributing centres that have confirmed their com-
mitment to participate in Phase-1 KidsBrainIT include: 
seven UK PICUs (Edinburgh, Glasgow, Newcastle, 
Birmingham, Liverpool, Oxford and Nottingham), one 
Belgian (Leuven), one Spanish (Barcelona) and one 
Romanian (Iasi) paediatric neuro-surgical/intensive care 
centres. These key stake-holders, under Dr. Lo and Dr. 
Piper’s leadership, work together to set up and use a central 
data repository and underlying technical infrastructure to 
store, analyse and report upon prospectively collected high- 
resolution physiological, clinical and outcome data.

This is done through a 30-month prospective observa-
tional clinical study that forms the Phase-1 KidsBrainIT 
data-set. Anonymised clinical data are collected using the 
same pre-designed proforma used in our feasibility study 
[4–8]. It includes the cause and nature of injury, age, 
Glasgow Coma Score (GCS) on admission and after acute 
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non- surgical resuscitation, pupillary responses, initial radio-
logical and computerised tomography (CT), operative and 
other treatment details. Using BrainIT data collection tools, 
this proforma data is captured electronically and ensures 
only collection of anonymous data fields. A locally main-
tained “link database” in each centre is used to enable data-
source checking by the contributing unit’s local research 
team should there be any data queries. Each patient’s ano-
nymised clinical data are linked to their physiological and 
outcome data in the KidsBrainIT data-bank using an anony-
mous study ID.

Routinely measured physiological data in 1-min resolu-
tions are captured from the bedside monitors prospectively. In 
centres with networked monitors, these data are recorded and 
stored in the main networked servers (with or without using 
electronic clinical information systems), where data extraction 
takes place when the patients are discharged from PICU. For 
centres without networked monitors (i.e. stand- alone moni-
tors), a mobile data collection unit with ICM+ software 
installed is connected to the bedside monitor via a serial 
RS232 connection. This connection allows real-time data stor-
age in 1-min resolutions using the ICM+ software and the data 
are then exported when the patient is discharged from PICU 
(Fig. 3). All physiological data are anonymised prior to export-
ing, and then stored in the KidsBrainIT central data-bank 
(Fig. 4). The data of the 99 patients from our feasibility study 
are already stored in the KidsBrainIT central data-bank.

We use this data-set to test clinically relevant hypotheses 
as described above. We utilise IT analytical innovations 

developed within BrainIT to calculate CPPopt [6, 7], ICP 
dose-response [8], quantify physiological insults [4, 5] and 
determine their relationships to global and functional out-
come assessed at 6 and 12 months respectively. We addition-
ally have implemented an open collaborative infrastructure 
within KidsBrainIT to enable our contributing centres to 
access the whole data-bank for future hypotheses testing and 
data sharing with other research groups/institutes in accor-
dance to BrainIT criteria. We plan to expand KidsBrainIT in 
future phases to include other centres in UK, Europe, North 
America and beyond. Currently teams in Montreal and 
Philadelphia have confirmed their interest in joining 
KidsBrainIT.

In this current report, we described current progress of 
Phase-1 KidsBrainIT, including the preliminary findings 
from analyses of the pilot data.

 Results

Ten PICUs from four countries confirmed their participation 
in Phase-1 KidsBrainIT. Site-visits have commenced to 
ensure successful interface to extract data from bedside mon-
itors prior to KidsBrainIT going live. To-date, we have suc-
cessfully extracted and anonymised data from bedside 
monitors in five of the ten centres. Our sample size  calculation 
determines that a sample consisting of 129 patients will pro-
vide a 5% significance and 90% power to test our hypothesis; 
inflating this number by 10% to account for a similar non-
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Local
Central Server

+/- CIS

Mobile data
collection unit
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Serial RS232
connection

KidsBrainIT
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Fig. 3 Data collection and extraction from bedside monitors in units with networked and stand-alone (non-network) monitors. All data are ano-
nymised prior to extraction and archive into the KidsBrainIT data-bank
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inclusion rate as our feasibility study means that we need to 
recruit 145 patients in Phase-1 KidsBrainIT. We anticipate 
we will reach this target number within 18 months of the 
study period based on the most recent admission data from 
our contributing units (Fig. 5).

The KidsBrainIT pilot data consisted of 99 critically ill 
TBI patients aged between 2 and 16 years old (median age 
was 10.3 years). There were 69 boys and 30 girls. They all 
sustained accidental brain trauma. Calculated CPPopt varied 
with time and between patients. Patients with favourable out-
come had significantly longer duration of measured CPP 
within the calculated CPPopt ranges than those with unfa-
vourable outcome (p < 0.01). ICP visualisation plot analyses 
demonstrated that patients with intact cerebral autoregula-
tion was more tolerant of ICP insults than those who had 
impaired cerebral autoregulation (Fig. 6).

 Discussion

In this report, we described the successful establishment of 
KidsBrainIT, a new multi-centre, multi-disciplinary, multi- 
national paediatric brain monitoring collaboration. 
KidsBrainIT is unique and different from other large paedi-
atric TBI trials (including the on-going ADAPT Trial) 
because it is the first childhood TBI initiative to data-bank 
continuous prospectively collected physiological data in 

minute-by-minute resolution from multiple sites in various 
countries, and to investigate the effect of acute physiological 
insult quantified using these high-quality clinical and physi-
ological data on outcome. The innovative analytics used in 
KidsBrainIT are developed within the BrainIT group. Our 
informatics approach is essential in delivering data-driven 
improvement in patient care, safety and outcome, and 
KidsBrainIT is the first such paediatric ‘big-data’ initiative 
to have the full support of the highly successful adult BrainIT 
group. This allows us to address the adult-paediatric divide 
in TBI management, research and quality improvement, and 
will bring huge advances to the field.

CPPopt calculation in KidsBrainIT is performed using 
LAx-CPP plots and DATACAR (dynamic adaptive target of 
active cerebral autoregulation) methods [6]. These method-
ologies are those used previously in our feasibility study [7]. 
We chose to use LAx-CPP plots and DATACAR methodol-
ogy [6, 7] (developed by the Leuven group within BrainIT) 
to calculate CPPopt because it only requires routinely mea-
sured pressure data in 1-min resolutions extracted from the 
clinical bedside monitors without the need for costly addi-
tional software solutions to capture continuous waveform 
signals from the bedside monitors at a frequency of at least 
60 Hz [6]. The ability to capture high-frequency waveform 
signals from bedside monitors to calculate optimal CPP 
using the pressure reactivity index (PRx) method [12] is 
usually limited to a few research-minded academic centres 
in the world, making both recruitment and clinical transla-
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tion difficult. Thus, our choice of CPPopt calculation using 
LAx- CPP plots and DATACAR methodology [6, 7] allows 
KidsBrainIT to theoretically include any PICU across the 
world that routinely collect minute-by-minute pressure data 
without requiring costly equipment/software upgrades. 
Furthermore, findings from our Phase-1 KidsBrainIT study 
and any treatment target recommendations are directly 
transferable back to a wider clinical audience because no 
special equipment or software is required beyond what is 
currently used for the routine minute-by-minute physiologi-

cal bedside monitoring. Together with adult BrainIT’s 
expertise in extracting data from a large range of ICU bed-
side monitors and existing collaborations with monitoring 
companies, KidsBrainIT plan to expand in future phases to 
include other centres in the UK, Europe, North America and 
beyond.

Our colour-coded ICP dose-response visualisation plot 
(Fig. 2) [8] demonstrates the intuitive concept that episodes 
of higher ICP can only be tolerated for short durations. 
Currently, clinical ICP treatment is initiated when ICP 
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exceeds a specific level for a specific duration (for example, 
many units choose to treat if ICP exceeds 20 mmHg for more 
than 5 min). There is great variation between different units 
on the treatment thresholds (both in terms of magnitude and 
duration) [9]; for example, some units choose to only treat 
raised ICP if it exceeds 20 mmHg for 15 min, while others 
will accept ICP values of 25 mmHg lasting less than 5 min. 
However, these ICP treatment thresholds are based purely on 
clinicians’ own experience rather than evidence-based stud-
ies. Our ICP dose-response visualisation plot demonstrates 
this treatment method is suboptimal because ICP lower than 
the pre-defined treatment level (for example, 15 mmHg) is 
not necessarily safe if sustained for longer durations [8]. 
Thus, developing validated ICP dose-response visualisation 
plots for paediatric TBI is a much-needed clinical solution to 
improve current ICP management that may ultimately affect 
outcome. In our feasibility study, we grouped paediatric 
patients of all ages in the analyses because of small numbers 
represented within each age group. But when compared to 
adults with brain trauma, our paediatric patients had lower 
tolerance of raised ICP in both magnitude and duration [8]. 
This indicates tolerance of raised ICP varies with age and 
different brain maturation or developmental stages. In 
Phase-1 KidsBrainIT with a larger data-set, we will assess 
the ICP dose responses in different age bands in addition to 
as a whole group, so that we may determine the critical ICP 
dose-response graphs for children of varying ages. These 
ICP dose-response graphs for children of different ages may 
be readily translated back to clinical practice to improve 
patient care at the end of this study.

 Conclusion

KidsBrainIT brings clinicians and scientists from multiple 
centres and different countries together to use high- resolution 
physiological data and IT innovations to improve TBI patient 
care and safety.
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Abstract Objectives: Increased intracranial pressure (ICP) 
is a pathological feature of many neurological diseases; how-
ever, the local and systemic sequelae of raised ICP are 
incompletely understood. Using an experimental paradigm, 
we aimed to describe the cerebrovascular consequences of 
acute increases in ICP.

Materials and methods: We assessed cerebral haemody-
namics [mean arterial blood pressure (MAP), ICP, laser 
Doppler flowmetry (LDF), basilar artery Doppler flow velocity 
(Fv) and estimated vascular wall tension (WT)] in 27 basilar 
artery-dependent rabbits during experimental (artificial lumbar 
CSF infusion) intracranial hypertension. WT was estimated as 
the difference between critical closing pressure and ICP.

Results: From baseline (~9 mmHg) to moderate increases 
in ICP (~41 mmHg), cortical LDF decreased (from 100 to 
39.1%, p < 0.001), while mean global Fv was unchanged 
(from 47 to 45 cm/s, p = 0.38). In addition, MAP increased 
(from 88.8 to 94.2 mmHg, p < 0.01 and WT decreased (from 
19.3 to 9.8 mmHg, p < 0.001). From moderate to high ICP 
(~75 mmHg), both global Fv and cortical LDF decreased 
(Fv, from 45 to 31.3 cm/s, p < 0.001; LDF, from 39.1 to 
13.3%, p < 0.001) while MAP increased further (94.2 to 

114.5 mmHg, p < 0.001) and estimated WT was unchanged 
(from 9.7 to 9.6 mmHg, p = 0.35).

Conclusion: In this analysis, we demonstrate a cortical 
vulnerability to increases in ICP and two ICP-dependent 
cerebro-protective mechanisms: with moderate increases in 
ICP, WT decreases and MAP increases to buffer cerebral 
perfusion, while with severe increases of ICP, an increased 
MAP predominates.

Keywords Intracranial pressure · Cerebral haemodynamics 
· Autoregulation · Cerebral perfusion pressure

 Introduction

Because of the rigid skull encasing the cerebrum, increased 
intracranial volume from whatever cause can lead to high 
intracranial pressure (ICP). The consequences of increased 
ICP are universally harmful and include impaired cerebral 
blood flow (CBF), electrical activity and metabolism. 
Therefore, the avoidance of raised ICP is pivotal in the man-
agement of many neurological conditions where acute changes 
in cerebral volume are possible, including traumatic brain 
injury, subarachnoid haemorrhage or acute hydrocephalus [1].

Increases in ICP lead to a decrease in cerebral perfusion 
pressure [CPP; calculated as mean arterial pressure (MAP) 
− ICP] and thus can limit perfusion to the brain [2]. The 
brain, however, has an intrinsic mechanism to protect itself 
from injury due to low CPP: cerebral autoregulation [3]. 
While the haemodynamic response to decreases in MAP 
have been well described, the response to increases in ICP 
are less well understood.

In this study, we revisited the question of how raised ICP 
affects cerebral haemodynamics using a rabbit model of 
experimental intracranial hypertension. This is a short 
 summary of experimental material, based on our recently 
published full paper [4].
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 Methods

 Animals and Ethics

These experiments were carried out in 1995 and 1996 in 
accordance with the standards provided by the UK Animals 
Scientific Procedures act of 1986 under a UK Home Office 
license and with permission from the institutional animal 
care and use committee at Cambridge University.

Physiological recordings from lumbar CSF infusions in 
28 NZ white rabbits (7 female, 21 male; weight, 2.7–3.7 kg) 
were retrospectively analysed [5]. The experimental proce-
dures for this specific experiment have been described in pre-
vious publications [6]. Briefly, ICP was monitored using an 
intraparenchymal microsensor (Codman and Shurtleff, 
Raynham, MA, USA), cortical blood flow with a laser 
Doppler flowmetry probe (Moor Instruments, Axbridge, 
UK). Basilar artery flow velocity using an 8-MHz Doppler 
ultrasound probe (PCDop 842;SciMed, Bristol, UK), and 
arterial blood pressure (ABP) using a catheter in the dorsal 
aorta (GaelTec, Dunvegan, UK). A lumbar laminectomy 
facilitated insertion of a catheter for the controlled infusion 
of artificial cerebrospinal fluid (CSF). The animals were sup-
ported in the Sphinx position using a purpose-built head 
frame with three-point skull fixation. Ventilation was con-
trolled according to arterial PCO2 via periodic arterial blood 
gas analyses. All experiments were performed in an animal 
laboratory at the same time of day.

Importantly these rabbits had their common carotid arter-
ies ligated 2 weeks prior to experimentation so that blood 
flow to the brain was basilar artery dependent. This made a 
Doppler assessment of global blood flow possible through 
the insonation of only the basilar artery.

 Protocol

Following 20 min of rest, ICP was artificially increased by 
infusion of Hartmann’s solution into the lumbar CSF space. 
Infusion rates were initially 0.1 ml/min. ICP increased to 
reach a plateau of around 40 mmHg after approximately 
10 min; thereafter the infusion rate was increased to rates 
between 0.2 and 2 ml/min to produce severe intracranial 
hypertension. ICP was increased until the point where dia-
stolic flow velocity approached zero, which corresponded to 
an ICP of between 60 and 100 mmHg (mean, 75 mmHg) at 
the termination of the experiment. Rabbits were euthanised 
with thiopental at the conclusion of the test.

 Data Acquisition and Analysis

ABP, ICP, basilar artery flow velocity (Fv) and expired CO2 
signals were recorded digitally at a sampling frequency of 
50 Hz. Data were subsequently analysed off-line using 
custom- built, commercially available data analysis software 
(ICM+; http://www.neurosurg.cam.ac.uk/icmplus). LDF 
was expressed as a.u. minus the ‘biological zero’ as mea-
sured in the asystolic rabbit at the conclusion of the experi-
ment. Critical closing pressure (CrCP) was calculated based 
on an impedance-based methodology as previously described 
in [7]. Estimated arterial wall tension (WT) was calculated as 
CrCP − ICP.

 Statistical Analyses

Pairwise comparisons of haemodynamic parameters 
between the three different ICP conditions (“low”, “moder-
ate” and “high”) were performed using Student’s t-test. The 
alpha- value was set at 0.05 and no corrections were made 
for multiple comparisons. Of the available 28 experiments, 
one was excluded from analysis due to an inability to 
increase ICP above 30 mmHg with CSF infusion, leaving 27 
rabbits for the final analysis. Statistical analysis was per-
formed using IBM SPSS version 21.0 software (IBM, 
Armonk, NY, USA).

 Results

A statistical description of monitored parameters is given in 
Table 1. Increases in MAP were observed between baseline 
and moderate levels of ICP, and also between moderate and 
high levels of ICP. As a result of the Cushing vasopressor 
response, despite an increase in ICP by 35 mmHg between 
the ‘moderate’ and ‘high’ ICP conditions, CPP only 
decreased by 14 mmHg. Mean flow velocity of the basilar 
artery was not significantly changed from baseline to moder-
ate ICP, whereas cortical LDF and diastolic flow velocity 
decreased. End tidal CO2 remained constant throughout the 
experiment.

The inter-relationships between changes in ICP, CBF, 
vascular wall tension, and MAP in all 27 rabbits are shown in 
Fig. 1. CBF appears well maintained with up to 60 mmHg 
increases in ICP. This maintenance of CBF was contributed 
by both decreases in wall tension and increases in MAP. Wall 
tension progressively decreased with increasing ICP, particu-
larly during early increases in ICP. At the highest levels of 
ICP, WT started to increase.

J. Donnelly et al.
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 Discussion

In this experimental investigation, we identified two intrinsic 
and mechanistically distinct compensatory adaptations to 
raised ICP: with moderate increases in ICP, CBF is main-
tained by decreases in vascular wall tension; whereas at 
higher levels of ICP, cerebral perfusion is protected by the 
Cushing vasopressor response that maintains CPP. In addi-
tion, regional differences in the control of cerebral perfusion 
were observed, with cortical blood flow being more sensitive 
to an increase in ICP than global blood flow.

In these experiments, global CBF was maintained until 
ICP had increased by 55 mmHg above baseline ICP (Fig. 1). 
This maintenance of CBF seemed to be mediated by a 
decrease in estimated vascular wall tension (Fig. 1 and 
Table 1). Estimated wall tension decreased and reached a 
plateau during ICP increases between 30 and 60 mmHg 
(Fig. 1 and Table 1). This plateau of vascular wall tension 
(at around 6–8 mmHg) may represent a condition of maxi-
mum vasodilation biologically fixed by the rigid collagen 
fibres in the tunica adventitia [8]. Further increases in ICP 
caused a vigorous Cushing response as reflected by reduc-

Table 1 Haemodynamic consequences of raised intracranial pressure

Baseline Moderate ICP High ICP

Mean SE Mean SE Significance 
compared to 
baseline

Mean SE Significance 
compared to 
baseline

Significance 
compared to 
moderate ICP

ICP (mmHg) 9.00 1.51 40.75 2.17 ** 75.05 3.65 ** **

MAP 
(mmHg)

88.84 3.29 94.15 3.21 * 114.54 3.67 ** **

CPP 
(mmHg)

79.71 3.46 53.08 2.77 ** 39.64 2.16 ** **

HR (BPM) 273.27 6.96 262.73 7.64 * 227.21 11.13 ** **

Global Fv 
mean (cm/s)

47.04 2.99 44.99 2.82 31.33 2.45 ** **

Global Fv 
diastolic 
(cm/s)

34.17 2.76 30.49 2.58 * 15.59 1.67 ** **

Global Fv 
systolic 
(cm/s)

66.93 3.64 65.51 3.33 50.97 2.66 ** **

WT (mmHg) 19.27 1.84 9.75 1.27 ** 9.58 1.36 **

CrCP 
(mmHg)

28.42 2.05 50.61 2.12 ** 85.09 3.99 ** **

Cortical 
LDF (%)

100.00 0.00 39.10 29.82 ** 13.27 5.19 ** **

ICP intracranial pressure, MAP mean arterial pressure, CPP cerebral perfusion pressure, HR heart rate, Fv flow velocity, WT wall tension, CrCP 
critical closing pressure, LDF laser Doppler flow
* p < 0.05

** p < 0.001
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Fig. 1 The haemodynamic response to increased ICP induced by infu-
sion of artificial CSF in NZ rabbits (mean ± standard error, n = 27). 
With moderate increases in ICP, global CBF (basilar artery Fv after 
common carotid ligation) is maintained through a decrease in vascular 
wall tension. With more severe increases in ICP (greater than 20-mmHg 
increase in ICP), a Cushing response-mediated increase in MAP helps 
to maintain CBF
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tions in HR and increases in MAP (MAP increasing by 
>30 mmHg in 13 out of 27 rabbits). However, in contrast to 
our hypothesis, this hypertensive response was also present 
with moderate ICP increases (in 12 out of 27 individuals, 
the hypertensive response was observed with increases of 
ICP of less than 25 mmHg). This relatively ‘early’ increase 
in ICP may indicate that the ICP-induced increases in MAP 
play a protective role in maintaining perfusion rather than 
merely signifying irreversible neurological damage. In sup-
port of this finding, a similar increase MAP in humans has 
been observed at even moderate ICP during lumbar CSF 
infusion studies [9].

Using in vivo global and cortical CBF measurement dur-
ing dynamic changes in ICP, we demonstrated that cortical 
blood flow decreased even with moderate increases in ICP, 
whereas global flow (basilar artery flow velocity) was well 
maintained until higher levels of ICP (Table 1). A potential 
explanation for the vulnerability of cortical compared to 
global CBF could be regional variation in vessel anatomy 
and compliance or could lie in a differential vascular reac-
tivity of cortical compared with non-cortical brain.

In support of a topographic difference in cerebral vascular 
reactivity, Horsefield et al. [10] demonstrated using magnetic 
resonance imaging an intrinsic difference in the autoregula-
tory efficiency of the grey matter compared to white matter 
of healthy humans in response to a transient decrease in 
CPP. Furthermore, in a group of severe TBI patients, Zweifel 
et al. [11] found there was a higher correlation between CPP 
and LDF than between CPP and middle cerebral artery Fv. 
Such cortical sensitivity to high ICP could be a mechanism 
for diverting blood flow to areas of the brain most crucial for 
survival: the brainstem nuclei.

 Limitations

The current results reflect the cerebral haemodynamic 
response to raising ICP through the addition of CSF volume. 
Thus, the observed haemodynamic response may differ 
somewhat to those observed clinically in the injured, oede-
matous brain where changes in volume of the intracranial 
blood, CSF or parenchymal compartments are all common. 
The current study represents a retrospective analysis and, 
therefore, some specific details of the surgical procedures 
(such as the functional integrity of the arterial baroreceptors) 
cannot be assessed. Application of cortical LDF during an 
infusion of fluid into the subarachnoid space raises the pos-
sibility of LDF probe displacement by the infusion. Finally, 
bilateral ligation of the common carotid could affect cerebral 
haemodynamics per se. However, this technique ensured that 
flow velocity measured at the basilar artery represented a 
global cerebral perfusion and thus provided a well-controlled 
model to address our proposed questions.

 Conclusions

Decreased vascular wall tension and increased MAP act to 
protect cerebral perfusion from increases in ICP; however, 
the relative importance of these mechanisms depends on the 
prevailing ICP. Furthermore, reductions in cortical blood 
flow due to increases in ICP may not be detected by global 
measures of perfusion. Multimodal monitoring including 
global and local techniques may enhance personalised clini-
cal management in neurocritical disease.
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Abstract Introduction: Episodes of raised intracranial 
pressure (ICP) after traumatic brain injury (TBI) are respon-
sible for the majority of secondary brain injury events and 
thereby strongly affect long-term outcome. However, not all 
patients with major episodes of raised ICP suffer a poor out-
come. The aim of the current analysis was to identify vari-
ables contributing to good outcome in patients suffering 
episodes of high ICP.

Methods: Retrospective analysis of 20 severe TBI 
patients admitted to the University Hospitals Leuven between 
2010 and 2014. All patients had at least one episode of 
ICP > 30 mmHg for more than 3 min in succession. Outcome 
was assessed by the extended Glasgow Outcome Scale at 
6 months. Partial least squares (PLS) regression was used to 
derive factors determining outcome. Pressure reactivity 
index (PRx) was calculated as an index for cerebrovascular 
autoregulation capacity.

Results: Both outcome groups did not differ for age, 
Glasgow Coma Score, pupil reactivity, computed tomogra-
phy Marshall classification, glycaemia, haemoglobin and 
CRASH and IMPACT scores on admission. Significant dif-
ferences were found for mean ICP, number of episodes of 
ICP > 30 mmHg, number and duration of longest PRx epi-
sodes. The number of episodes of ICP > 30 mmHg correlated 
significantly with the number and duration of longest PRx 
episodes. PLS regression indicates that episodes of impaired 
autoregulation contributed equally to explaining outcome 
compared to episodes of raised ICP.

Conclusions: Prolonged episodes of disturbed dynamic 
cerebral autoregulation contribute to detrimental outcome in 
patients with increased ICP. Autoregulation seems to have an 
important protective role in tolerating episodes of raised ICP.

Keywords Intracranial pressure · Outcome · Autoregulation  
Traumatic brain injury

 Introduction

Traumatic brain injury (TBI) can lead to increased intracra-
nial pressure (ICP) as a result of systemic and intracranial 
events [1]. Raised ICP is associated with poor outcome [2]. 
However, not all patients with major episodes of raised ICP 
suffer a poor outcome. CRASH and IMPACT prognostic 
models have determined baseline predictors for unfavour-
able outcome such as age, Glasgow Coma Scale score, pupil 
reactivity, computed tomography abnormalities, haemoglo-
bin and glycaemia, for example [3, 4]. Intact cerebrovascular 
autoregulation could protect patients suffering raised ICP, 
maintaining a constant cerebral blood flow despite lower 
cerebral perfusion pressures (CPPs). The pressure reactivity 
index (PRx) is considered to be a measure of continuous 
autoregulation by quantifying the relationship between slow 
fluctuations in mean arterial blood pressure and ICP [5]. PRx 
has been shown to be a predictor of clinical outcome [5, 6]. 
There is evidence that patients with intact cerebrovascular 
autoregulation benefit more from CPP-oriented therapy, tol-
erating higher ICPs, and patients with impaired autoregula-
tion benefit more from ICP-lowering therapy [6]. The aim of 
this analysis is to identify which variables contribute to good 
outcome in patients suffering episodes of high ICP.

 Methods

A retrospective analysis of patients with severe TBI admitted 
to the University Hospitals Leuven between 2010 and 2014 
was performed. Patients with invasive parenchymal ICP 
monitoring (Codman ICP MicroSensor; Codman & 
Shurtleff, Raynham, MA, USA) and at least one episode of 
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ICP >30 mmHg for more than 3 min in succession were 
included. ICM+ software (Cambridge Enterprise, University 
of Cambridge, UK) was used for data capture. Outcome was 
assessed using the extended Glasgow Outcome Scale (GOSE) 
at 6 months. For bivariate analysis, GOSE was divided in two 
groups: poor (GOSE 1–4) and good (GOSE 5–8) outcome. 
Age, Glasgow Coma Scale (GCS), pupillary response, 
Marshall CT classification, haemoglobin level and glycaemia 
on admission were determined. CRASH and IMPACT prog-
nostic models were used to calculate the risk of unfavourable 
outcome at 6 months. For bivariate analysis, differences were 
compared using a two-tailed Mann-Whitney U test. Dynamic 
autoregulation was assessed by calculation of the PRx. PRx 
was calculated as moving Pearson correlation coefficients, 
using 300-s time windows, between 10-s averages of arterial 
blood pressure (ABP) and ICP signals. The number of events 
for ICP and PRx above different thresholds was defined per 
patient with a duration of 1 min per event. For optimal CPP 
(CPPopt) calculation, we applied Steiner et al.’s [7] and Aries 
et al.’s [8] method of plotting CPP and PRx, and fitting a 

U-shaped curve, with the most negative values of the auto-
regulation index indicating a 5-mmHg range of optimal CPP 
from a moving 4-h time window. Statistical analysis was per-
formed using statistical software SPSS 20 (IBM, Armonk, 
NY, USA) and SmartPLS 3 software (C. M. Ringle, S. Wende, 
J.-M. Becker, 2015; SmartPLS, Bönningstedt, Germany. 
Retrieved from http://www.smartpls.com).

 Results

Twenty patients were included in the study: 6 female and 14 
male. In the good-outcome group, four patients were female 
and eight male. In the bad-outcome group, two were female and 
six were male. Table 1 describes the variables analysed and 
dichotomised for outcome. Significant differences between 
dichotomised good- and bad-outcome groups were found for 
mean ICP, number of ICP > 30 mmHg episodes, and number 
and duration of longest PRx episodes above different thresholds 

Table 1 Overview of variables dichotomised for outcome

Variable Good outcome Bad outcome Sign

Age (years) Mean/median 36/34 57/60 0.27

GCS Mean/median 8.3/7 10.6/11 0.31

CT Marshall Mean/median III/II III/II 0.80

Glycaemia (mmol/L) Mean/median 9.8/8.9 8.3/8.3 0.52

Haemoglobin (g/dL) Mean/median 12.8/13.6 14.2/13.8 0.37

IMPACT 6 months unfavourable 
outcome (%)

Mean/median 37.8/34 44/40 0.18

CRASH 6 months unfavourable 
outcome (%)

Mean/median 48.2/45.4 31.2/25.2 0.35

ICP > 30 mmHg number of 
events (min)

Mean/median 45.9/39 465.2/59 0.05

ICP > 30 mmHg duration longest 
event (min)

Mean/median 12.4/13 143.6/13 0.20

Mean ICP (mmHg) Mean (95% Confidence 
Interval)

39.6 (CI 30.9–41.9) 36.4 (CI 31.9–47.3) 0.03

Mean PRx during 
ICP > 30 mmHg

Mean (95% Confidence 
Interval)

0.15 (CI −0.03 to 0.32) 0.32 (CI 0.05–0.6) 0.15

Mean CPP during 
ICP > 30 mmHg

Mean (95% Confidence 
Interval)

56.3 (CI 49.9–62.7) 59.3 (CI 46.6–72.0) 0.47

CPPopt mean (mmHg) Mean (95% Confidence 
Interval)

73.3 (CI 66.2–80.4) 74.7 (CI 63.0–86.4) 0.80

CPP–CPPopt (mmHg) Mean (95% Confidence 
Interval)

−17 (CI −24.6 to −9.4) −15.4 (CI −19.9 to 
−10.9)

0.68

PRx > 0.3 number of events Mean/median 16.6/16 158.4/30 0.03

PRx > 0.3 longest event Mean/median 6.9/5 15.2/9 0.03

PRx > 0.5 number of events Mean/median 11.2/8 74.4/29 0.02

PRx > 0.5 longest event Mean/median 5.5/4 13/9 0.02

PRx > 0.7 number of events Mean/median 6.8/5 28.6/24 0.01

PRx > 0.7 longest event Mean/median 2.9/3 9.8/6 0.01

GOSE Median 7 2 <0.001
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of 0.3, 0.5 and 0.7. The number and duration of ICP > 30 mmHg 
episodes correlated significantly with the number and duration 
of longest PRx episodes above our defined thresholds 
(Table 2). Due to multicollinearity of the independent vari-
ables (correlation of predictors), partial least squares (PLS) 
regression was performed. Validity for outer loadings was 
defined using a threshold of >0.7; overall construct validity 
was good with a Cronbach’s alpha value of 0.96 (SD, 0.02). 
Mean ICP and mean PRx during ICP > 30 mmHg episodes did 
not reach the predefined validity threshold. Average variance 
extracted (AVE) by the variables was 0.76 (SD, 0.11). Adjusted 
model R2 was 0.31 (SD, 0.16; p = 0.052). PLS regression outer 
loadings are described in Table 3.

 Discussion

This exploratory study investigating factors determining out-
come in patients suffering raised episodes of ICP suggests a 
possible protective role of cerebral autoregulation. Impaired 

autoregulation was correlated with episodes of raised ICP, and 
this finding is in agreement with the results of an experimental 
animal study in piglets by Pesek et al. [9]. Piglets with acute 
episodes of raised ICP demonstrated loss of autoregulation. 
Although we found a correlation between impaired autoregu-
lation and episodes of raised ICP, the correlation was not per-
fect, suggesting autoregulation was not impaired during every 
episode of raised ICP. The results of our PLS regression indi-
cate that episodes of impaired autoregulation contributed 
equally to explaining outcome as episodes of raised ICP itself. 
The number and duration of ICP and impaired autoregulation 
events were more determining for outcome than mean values 
of ICP and PRx. This study is limited by the sample size and 
the exploratory nature of the study, possibly limiting general-
isability. The problem of multicollinearity among our vari-
ables was present with a moderate-to-high correlation between 
ICP and impaired autoregulation events. This problem was 
approached using PLS regression, reducing the effects of mul-
ticollinearity but not eliminating them [10].

 Conclusions

Prolonged episodes of disturbed dynamic cerebral autoregu-
lation contribute to detrimental outcome in patients with 
increased ICP. Autoregulation seems to have an important 
protective role in tolerating episodes of raised ICP.
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Abstract Objective: An ‘optimal’ cerebral perfusion pres-
sure (CPPopt) can be defined as the point on the CPP scale 
corresponding to the greatest autoregulatory capacity. This 
can be established by examining the pressure reactivity index 
PRx–CPP relationship, which is approximately U-shaped 
but suffers from noise and missing data. In this paper, we 
present a method for plotting the whole PRx-CPP relation-
ship curve against time in the form of a colour-coded map 
depicting the ‘landscape’ of that relationship extending back 
for several hours and to display this robustly at the bedside.

This is a short version of a full paper recently published in 
Critical Care Medicine (2016) containing some new insights 
and details of a novel bedside implementation based on a 
presentation during Intracranial Pressure 2016 Symposium 
in Boston.

Methods: Recordings from routine monitoring of trau-
matic brain injury patients were processed using ICM+. 
Time-averaged means for arterial blood pressure, intracra-
nial pressure, cerebral perfusion pressure (CPP) and pressure 
reactivity index (PRx) were calculated and stored with time 
resolution of 1 min. ICM+ functions have been extended to 
include not just an algorithm of automatic calculation of 
CPPopt but also the ‘CPPopt landscape’ chart.

Results: Examining the ‘CPPopt landscape’ allows the 
clinician to differentiate periods where the autoregulatory 
range is narrow and needs to be targeted from periods when 
the patient is generally haemodynamically stable, allowing 

for more relaxed CPP management. This information would 
not have been conveyed using the original visualisation 
approaches.

Conclusions: We describe here a natural extension to the 
concept of autoregulatory assessment, providing the retro-
spective ‘landscape’ of the PRx-CPP relationship extending 
over the past several hours. We have incorporated such visu-
alisation techniques online in ICM+. The proposed visuali-
sation may facilitate clinical evaluation and use of 
autoregulation-guided therapy.

Keywords Cerebral perfusion pressure · Pressure reactivity 
PRx · Traumatic brain injury · Optimal CPP

 Introduction

‘Optimal cerebral perfusion pressure’ (CPPopt) has been 
defined as a pressure value corresponding to the point on the 
CPP autoregulation characteristic where the autoregulation 
[as measured by the pressure reactivity index (PRx)] is the 
strongest [1]. The concept of using CPPopt as an individual 
target in treating patients with severe brain injury has 
recently attracted a lot of attention, particularly after the 
introduction of a continuous measure of CPPopt [2]. 
However, a single CPPopt value does not fully reflect the 
character of the PRx- CPP relationship, nor does it capture 
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its dynamic nature, even when plotted as a trend over time. 
What is more, the CPPopt trends tend to be noisy and may 
often contain many gaps where the PRx-CPP curves cannot 
be robustly determined. This represents a barrier to evaluat-
ing autoregulation- guided CPP therapy in clinical practice. 
The objective of this project was to find a way of improving 
the CPPopt methodology by introducing a new visualisation 
method that may provide insight into the complete charac-
teristics of the CPP- PRx relationship and its temporal evolu-
tion. We have demonstrated that this can be presented at the 
bedside in real time.

 Material and Methods

Monitoring data from patients with severe traumatic brain 
injury (TBI) admitted to the neurocritical care unit at 
Addenbrooke’s Hospital, Cambridge, were collected using 
ICM+ software. Patients were managed according to pub-
lished protocolised TBI guidelines [3]. Patients were sedated, 
intubated and ventilated. Interventions were aimed at keep-
ing ICP <20 mmHg and CPP >55 mmHg. CPPopt-guided 
therapy did not form part of the local management 
algorithm.

Arterial blood pressure (ABP) was monitored invasively 
using a pressure monitoring kit (Baxter Healthcare, Westlake 
Village, CA, USA; Sidcup, UK) in the radial artery and 
zeroed at the level of the heart. An intraparenchymal probe 
(Codman & Shurtleff, Raynham, MA, USA or Camino 
Laboratories, San Diego, CA, USA) was used in order to 
monitor intracranial pressure (ICP). Digital ABP and ICP 
waveforms were collected from GE Solar monitors at their 
full available resolution of 120 Hz using ICM+® software 
(Cambridge Enterprise, Cambridge, UK; http://www.neuro-
surg.cam.ac.uk/icmplus/). Patient monitoring was approved 
by the local Ethics Committee (REC97/291) and informed 
consent was not required for the re-processing of anonymous 
data. All the analyses on the recorded raw waveforms were 
performed over 60-s sliding windows using the same 
software.

Time-averaged means for ABP, ICP, CPP (ABP minus 
ICP), and PRx (a running correlation coefficient between 
10-s averages of ABP and ICP signals) were calculated and 
stored with time resolution of 1 min. PRx-CPP curves and 
the corresponding CPPopt values were calculated every min-
ute, with a calculation data buffer of 4 h. The sequential 
PRx-CPP curves were then used to create a colour-coded 
map of PRx-CPP relationship evolution over time (Fig. 1). 
The time (horizontal) axis represents the position of the 
moving window for CPPopt calculation, the vertical axis 
represents the scale of CPP, while PRx values are coded, 
with red representing completely impaired autoregulation 

(PRx = 1), green representing fully engaged autoregulation 
(PRx = −1), with the failing autoregulation zone of PRx 0.1–
0.3 coded as yellow. The coding was adapted from the origi-
nal colour-coding scheme of PRx that has been used in ICM+ 
for the past decade. The CPPopt landscape chart was fully 
implemented in ICM+ for bedside display alongside tradi-
tional plots of ICP, CPP and PRx.

 Results

The new CPPopt visualisation method seems to highlight 
features that would not have been apparent using the tradi-
tional approach. Figure 2 shows an example of recording 
taken from one patient, with ICP, ABP, CPP, PRx trends plot-
ted together with the CPPopt landscape chart at the bottom. 
The light-green homogeneous areas denote periods where 
CPPopt calculations were unavailable. The blue line repre-
sents the trend of CPP values. For clarity, the CPPopt trend 
was not plotted as it is indicated in the chart anyway by the 
midpoint of the green/yellow zone. By observing the extent 
of the green zone, one can assess the autoregulatory range at 
any given point of time, while the saturation level of the 
green colour in the centre of that range gives a feedback on 
the strength of autoregulation there. In the presented exam-
ple, the patient started off with a relatively wide autoregula-
tory range centred at about 65 mmHg, and then went through 

Fig. 1 The concept of CPPopt landscape. The vertical PRx-CPP colour 
gradient represents the colour-mapping scheme for PRx values. The 
blue line drawn on that colour map denotes the trajectory of the CPPopt 
curve fitted at that time point, and is coded in the PRx-CPP landscape 
map (horizontal), according to the colours it covers in the colour gradi-
ent (vertical)
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a phase when that range has substantially narrowed and 
shifted towards higher CPP values.

 Discussion

Individualising targets for management of TBI patients is 
currently at the forefront of new management policy making 
efforts in neurocritical care. Whilst the CPPopt concept is 
still to be prospectively evaluated, it is physiologically attrac-
tive. A necessary future evaluation and implementation is 
impossible, however, unless the data can be presented in a 
format that is sufficiently robust that the clinician can reli-
ably interpret them at the bedside. Continuous monitoring of 
cerebral autoregulation using real-time analysis of wave-
forms of ABP and ICP, via the PRx, has made it possible to 
relate its dynamically changing state to the corresponding 
value of cerebral perfusion pressure, thus revealing a rela-
tionship between the two. Furthermore, the character of that 
relationship, which is generally U-shaped, is well suited for 
using it as the means of arriving at a value of CPP that maxi-
mises the autoregulatory capacity (i.e. minimising PRx). 
However, due to limited spontaneous CPP variability, the 
errors inherent in the assessment of autoregulation using 
PRx and other external factors, that relationship is often 
unclear. This may make the trend of calculated CPPopt val-
ues appear noisy, with numerous gaps where the curve was 
undeterminable. Moreover, efforts to make the automatic 
calculations of CPPopt more stable and with higher yield of 
valid values that are currently under way may go a long way 
in inspiring confidence in this approach, but they still fail to 
deliver a complete picture of the autoregulatory capacity. 
This is of particular importance in severe brain trauma man-
agement, where the pathological processes often develop 
rapidly, making cerebral autoregulation a rather fragile 
defence mechanism. It is not uncommon for the cerebral 

autoregulation curve to be temporarily shifted towards higher 
cerebral perfusion pressures or for the autoregulatory plateau 
to be severely shortened or abolished altogether in a state of 
total vasoplegia. Additionally, contemporary management of 
brain trauma patients is multifaceted, requiring constant 
adjustments of treatment to provide a delicate balance 
between different target priorities. Incorporating a rigid, 
even individualised, target for CPP management may not 
therefore be the best or safest approach of using this promis-
ing CPPopt methodology.

On the other hand, giving the clinician an opportunity to 
examine the whole ‘CPPopt landscape’ allows one not only 
to assess the CPPopt trend but also the breadth of the auto-
regulatory range and its progression over time. Such an 
approach would allow differentiation of periods where the 
autoregulatory range is narrow, making careful control 
important, from periods when the patient is generally cere-
brovascularly stable, allowing for more relaxed CPP man-
agement and thus prioritising other needs. This information 
would not have been conveyed using the original visualisa-
tion approaches; the trend is for automatically calculated 
CPPopt or a single optimal CPP curve chart. One could argue 
that a set of charts showing the optimal CPP, the value of 
PRx at the optimal CPP point and the CPP range correspond-
ing to intact autoregulation would be sufficient, and perhaps 
easier to read. Whether or not this is true will have to be 
investigated further but intuitively the colour-coded, two- 
dimensional representation of the CPP-PRx relationship 
contains a lot more information in a relatively simple, com-
pact form and thus may perhaps appeal to clinicians more 
than a multitude of related charts.

Clearly, this new approach to the CPPopt concept still 
needs to undergo a more thorough scrutiny, but perhaps a 
combination of the landscape chart and the more traditional 
CPPopt trend—possibly with improved automatic calcula-
tion algorithms—may provide the ultimate robust, compre-
hensive and easily digestible information on the patient’s 

Fig. 2 Example of a recording, available at the bedside, showing the CPPopt landscape alongside the trends of ABP, ICP, CPP and PRx
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dynamically changing state of cerebral autoregulation and 
offer clearer suggestions for individualised cerebral perfu-
sion pressure targets.

 Conclusions

What we describe here is an extension of the concept of auto-
regulatory assessment, providing the full retrospective ‘land-
scape’ of PRx-CPP relationship extending over the past 
several hours in such a way that it can be presented at the 
bedside. Although further technical improvements and a test 
of functionality are needed, the proposed visualisation, while 
addressing some of the problems of the CPPopt methodology, 
may improve individual CPP management methods based on 
the status of cerebral autoregulation, current and past.
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Abstract Objective: Severe traumatic brain injury (TBI) man-
agement has been associated with adult respiratory distress syn-
drome (ARDS) in previous literature. We aimed to investigate 
the relationships between optimal CPP-guided management, 
ventilation parameters over time and outcome after severe TBI.

Materials and methods: We performed retrospective anal-
ysis of recorded data from 38 patients admitted to the NCCU 
after severe TBI, managed with optimal cerebral perfusion 
pressure (CPPopt)-guided therapy, calculated using pressure 
reactivity index (PRx). All patients were sedated and venti-
lated with lung protective criteria (Peep > 5, tidal volume 
6–8 ml/kg and airway pressure < 30 cmH2O).

Results: Daily mean CPPopt varied between a minimum of 
84 mmHg and a maximum of 91 mmHg with an all period mean 
value of 88 mmHg. The mean value for the difference between 
CPP and CPPopt was −1.9 mmHg. Daily mean P/F ratio 
decreased and varied between 253 and 387 with an all- period 
mean of 294 mmHg. During the 10 days of recording data, five 
patients (13%) developed criteria of severe ARDS, but only two 
patients died due to severe ARDS (5%). PaO2/FiO2 (P/F) ratio 
did not correlate with CPPopt, but showed a strong correlation 
with tidal volume (p = 0.000) and driving pressure (p = 0.000).

Conclusions: Although CPPopt-guided therapy may 
induce a decrease in P/F ratio over time during the first 10 
days, we could not find an association with worst outcome, 
which may be influenced by lung protective ventilation strat-
egies and preservation of cerebral autoregulation.

Keywords Traumatic brain injury · ARDS · Pressure reac-
tivity index · Optimal cerebral perfusion pressure · Driving 
pressure

 Introduction

The management of cerebral perfusion pressure (CPP) after 
traumatic brain injury (TBI) is still one of the most controver-
sial topics of neurocritical care [1]. Pulmonary oedema and 
severe adult respiratory distress syndrome (ARDS) [2] have 
been reported as independently associated with a higher risk 
of death in patients with severe TBI [3–6]. Amongst other 
causes, several authors showed that high cerebral perfusion 
pressure (CPP) reduced the incidence of secondary ischaemic 
events to the brain, but increased the incidence of ARDS and 
global worse outcome [3–5, 7]. The management of patients 
with ARDS comprises fluid restriction, lung- protective venti-
lation strategies with high positive end- expiratory pressure 
(Peep) and permissive hypercapnia [8, 9], which may raise the 
intracranial pressure (ICP) and decrease CPP. Currently, insuf-
ficient data support a level I or IIA recommendation on CPP 
thresholds for patients with severe TBI [10]. CPP values 
higher than 70 mmHg were associated with elevated risk for 
respiratory complications and worse outcome, whereas values 
of CPP less than 60 mmHg were associated with cerebral isch-
aemia and hypoxia [11–13]. Moreover, it has been suggested 
that CPP tailored to individual patients, based on evaluation of 
autoregulation, is related to favourable outcome [14–17]. The 
pressure reactivity index (PRx) is a reliable method to continu-
ously evaluate autoregulation at the bedside [18, 19] and to 
estimate optimal CPP (CPPopt). The aim of this study was to 
investigate the relationships between CPPopt-guided therapy 
and ventilation parameters during management of severe TBI.

 Methods

Retrospective analysis of recorded data from 38 patients 
admitted to the Neurocritical Care Unit (NCCU) at Hospital 
São João, Porto, Portugal, after severe TBI managed with 
CPPopt-guided therapy, calculated using PRx.
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Exclusion criteria included age less than 18 years old and 
pregnancy. The local research ethics committee approved the 
protocol and anonymised data collection, and written 
informed consent was obtained.

The patients were managed according to the Neurocritical 
Care Unit management protocol previously published [15]. 
Brain monitoring data (ICP, CPP, CPPopt and PRx), blood 
gas analysis and respiratory data [PaO2/FiO2 (P/F) ratio, tidal 
volume, Peep and driving pressure] were daily collected dur-
ing the first 10 days. During the period of recording data, 
ARDS criteria were applied according to the Berlin defini-
tion [2]. Patients were sedated and ventilated with lung pro-
tective criteria (Peep > 5, tidal volume 6–8 ml/kg and airway 
pressure < 30 cmH2O).

The analyses were performed using commercial IBM 
software SPSS 20. Data were expressed as mean values and 
standard deviation (mean ± SD). Normal distribution was 
established with Shapiro–Wilk test. We used Spearman cor-
relation analysis for mean values, and non-parametric 
Kruskal–Wallis test was used to investigate statistical rela-
tionships between the studied variables. Partial least squares 
discriminant analyses (PLS-DA) was also applied to find 
fundamental relations between variables. Tests were consid-
ered statistically significant for p values < 0.05.

 Results

A total of 38 adult patients with TBI (34 males, 89.5%) with 
mean age 47.3 ± 20 years old, with local median GCS 7 (IQR 
4–9) and SAPSII 43.5 ± 9.9 were analysed. Daily mean CPP 

and CPPopt varied respectively between a minimum of 
81 mmHg, 84 mmHg and a maximum of 87 mmHg, 
91 mmHg with an all-period mean value of 85 mmHg, 
88 mmHg (Table 1). The mean value for the difference 
between CPP and CPPopt was −1.9 mmHg. Daily mean P/F 
ratio decreased and varied between 253 and 387 with an all- 
period mean of 294 mmHg (Fig. 1). According to the Berlin 
definition and during the 10 days of recording data, seven 
patients (18%) developed criteria of severe ARDS, 12 
patients of moderate ARDS (32%) and 14 patients had no 
ARDS (37%). Hospital mortality rate was 18% but only two 
patients died due to severe ARDS. P/F ratio did not correlate 
with CPP or CPPopt (Fig. 2), but showed a strong correlation 
with tidal volume (p = 0.000) and driving pressure 
(p = 0.000). We found no correlation between CPP or CPPopt 

Table 1 Demographic, cerebral and pulmonary data of the 38 patients admitted to the Neurocritical Care Unit with traumatic brain injury (TBI) 
regarding ARDS (adult respiratory distress syndrome) classification

No ARDS (mean ± SD) Mild to moderate ARDS 
(mean ± SD)

Severe ARDS (mean ± SD)

n 14 (37%) 12 (32%) 7 (18%)

Age (anos) 48 ± 22 50 ± 20 38 ± 14

SAPS II 32 ± 17 42 ± 10 42 ± 8

GCS 8 ± 3 7 ± 3 6 ± 2

Marshall head-CT 4 ± 2 4 ± 2 3 ± 1

ICP (mmHg) 10 ± 4 12 ± 5 17 ± 5

PRx 0.06 ± 0.25 0.11 ± 0.25 0.13 ± 0.15

CPP (mmHg) 81 ± 5 80 ± 9 83 ± 6

CPPopt (mmHg) 82 ± 10 84 ± 10 86 ± 8

CPP − CPPopt (mmHg) 0.2 ± 7 −2 ± 7 −3 ± 6

P/F ratio 471 ± 88 332 ± 113 150 ± 33

Peep (cmH2O) 6 ± 1 6 ± 1 6 ± 1

ΔP = Ppl − Peep (cmH2O) 15 ± 3 14 ± 5 21 ± 2

SAPS II simplified acute physiology score II, GCS Glasgow Coma Score, head-CT head computed tomography, ICP intracranial pressure, CPP 
cerebral perfusion pressure, CPPopt optimal CPP, CPP − CPPopt difference between CPP and CPPopt, P/F ratio PaO2/FiO2 ratio, ΔP = Ppl − Peep 
difference between plateau pressure and end-expiratory pressure

P/F ratio
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400
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100

0
1 2 3 4 5 6 7 8 9 10 days

mean
P/F ratio

Fig. 1 P/F ratio [daily oxygen arterial pressure (PaO2) and fraction of 
inspired oxygen (FiO2) ratio] for 38 patients with severe TBI during 10 
consecutive days since Neurocritical Care Unit admission
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and P/F ratio, tidal volume and driving pressure for different 
outcomes. By applying PLS-DA model for the P/F ratio, we 
were able to correctly predict around 90% of the patients 
with a P/F ratio episode lower than 100 mmHg. The most 
important variables to the model were FiO2 and Peep and 
neither CPP nor CPPopt were significantly involved.

 Discussion

The desired target for TBI management is the minimum level 
of CPP that provides adequate blood flow for an injured 
brain without systemic detrimental effects, namely ARDS 
[20]. Recently, Aries et al. [16] demonstrated that individual-
ised CPP by bedside evaluation of cerebrovascular reactivity 
index (PRx) and definition of CPPopt is feasible and seems 
to be associated with favourable outcome. Our TBI manage-
ment protocol is autoregulation-guided (CPPopt) based on 
continuous evaluation of cerebrovascular reactivity (PRx) 
(Fig. 3). Accordingly, we aimed to study the relationship 
between this management protocol and the evaluation of 
development of ARDS. Actually, our mean CPP values are 
slightly higher than Brain Trauma Foundation recommenda-
tions (82 mmHg compared to 60 mmHg), even taking into 
consideration that patients are treated with 30° head-up ele-
vation and CPP is continuously calculated with ABP trans-
ducer located at heart level. Although P/F ratio decreased 
along the 10-day observation period and seven patients 
developed severe ARDS, only two died due to this cause. 
Indeed, we could find no correlation between real CPP val-
ues and with P/F ratio, tidal volume and driving pressure for 
different outcomes. This may be explained by the lung 
protective ventilation strategy [9], associated with small dif-
ference between CPP and CPPopt that preserves cerebral 

blood flow and avoids overall hyperaemia. Moreover, the 
patients with severe ARDS had the highest difference 
between CPP and CPPopt (−3 ± 6 mmHg) and the highest 
driving pressure [21].

TBI patients managed at averaged real CPP close to 
CPPopt and with low pulmonary driving pressure seem to be 
protected from lung complications related to high CPP.

However, the small sample of patients enrolled in this 
study warrants further evaluation.

 Conclusion

Although CPPopt-guided therapy may induce a decrease in 
P/F ratio over time during the first 10 days, we could not find 
an association with ARDS or worst outcome, which may be 
influenced by lung protective ventilation strategies and pres-
ervation of cerebral autoregulation.

Conflicts of interest statement We declare that we have no conflict 
of interest.
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Abstract Objectives: We aimed to investigate the preva-
lence and pattern of cognitive dysfunction in patients with 
traumatic bifrontal contusions and their association with 
functional outcome.

Materials and methods: We prospectively recruited 
patients with bifrontal contusions in a regional neurosurgical 
center in Hong Kong over a 2-year period. Functional out-
come was assessed by modified Rankin Scale (mRS), and 
cognitive outcomes were assessed by Mini-Mental State 
Examination (MMSE), Montreal Cognitive Assessment 
(MoCA), and a comprehensive neuropsychological battery.

Results: We recruited 34 patients with traumatic bifrontal 
contusions over a 2-year period. Nine (26%) patients had cra-
niotomy for evacuation of left or right frontal contusions. 
Functional outcome using mRS was significantly correlated 
with cognitive outcomes using MMSE or MoCA. The effect 
of cognitive outcome using MMSE or MoCA persisted after 
adjustments of age, sex, admission Glasgow Coma Scale, and 
surgery. In patients who completed the comprehensive neuro-
psychological assessments, cognitive impairment in at least 
one of the neuropsychological tests was noted in 73% of them.

Conclusions: Cognitive dysfunction had a significant 
impact on functional outcome, and treatment strategy should 
be developed to minimize them.

Keywords Traumatic brain injury · Cerebral contusions  
Cognition · Outcome

 Introduction

Traumatic brain injury (TBI) is still associated with signifi-
cant mortality and morbidity and drives the development of 
neurosurgery services in Hong Kong [1–3]. In previous anal-
yses, the pattern of cerebral contusions had prognostic impli-
cations [4]. Of 464 patients with head injuries, traumatic 
intracerebral hematoma was significantly associated with 
inpatient mortality and 1-year unfavorable outcome after 
adjusting for age, sex, post-resuscitation Glasgow Coma 
Scale (GCS) score, and presence of acute subdural hema-
toma. A total of 114 patients had traumatic intracerebral 
hematomas and were included for further analysis. The mean 
age was 49, the male-to-female ratio was 2:1, and the median 
GCS score at admission was 12. Logistic regression analysis 
showed that age and GCS score/GCS motor component 
score were significant factors for inpatient mortality, 1-year 
mortality, and 1-year outcome. There was an association 
between temporal hematomas and inpatient mortality, sub-
dural hematomas and inpatient mortality, and bilateral hema-
tomas and unfavorable 1-year outcome. In patients with 
severe head injury, a traumatic hematoma more than 50 ml 
was associated with higher inpatient mortality. In addition to 
age and GCS score, the computed tomography patterns of 
bilateral hematomas, temporal hematomas, and associated 
subdural hematomas were suggestive of poor outcome or 
mortality.

We further postulated that cognitive dysfunction is a 
major determinant of poor functional outcome in patients 
with traumatic bifrontal contusions. In this study, we aimed 
to investigate the prevalence and pattern of cognitive dys-
function in patients with traumatic bifrontal contusions and 
their associated functional outcome.
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 Materials and Methods

We prospectively recruited patients with bifrontal contusions 
in a regional neurosurgical center in Hong Kong over a 
2-year period. The study was approved by the Joint NTEC- 
CUHK (New Territories East Cluster-Chinese University of 
Hong Kong) Clinical Research Ethics Committee. The study 
conformed to the Declaration of Helsinki, and written 
informed consent was obtained from all of the participants or 
their next of kin. Functional outcome was assessed by modi-
fied Rankin Scale (mRS), and cognitive outcomes were 
assessed by Mini-Mental State Examination (MMSE), 
Montreal Cognitive Assessment (MoCA), and a comprehen-
sive neuropsychological battery [5].

 Montreal Cognitive Assessment

The MoCA is a one-page, 30-point test that usually takes 
15 min or less to administer and includes six subtests: visuo-
spatial/executive functions, naming, attention, abstraction, 
recall and orientation. One point is added for participants with 
less than 12 years of education. We had reported the applica-
tion of the Hong Kong version of MoCA in aneurysmal sub-
arachnoid hemorrhage and neurosurgical patients following 
traumatic and spontaneous intracerebral hemorrhage [6–10].

 Mini-Mental State Examination Chinese 
(Cantonese) Version

The MMSE comprises seven sections (naming, orientation, 
registration, attention and calculation, recall, praxia, and lan-
guage). Its maximum total score is 30, and the test can usu-
ally be completed in 10 min or less.

The battery of cognitive assessments used in this study 
was previously applied in a local Chinese population [5]. Its 
selection was based on (1) its efficacy in previous cognitive 
studies in local Chinese patients and standard cognitive tests 
validated in a Cantonese-speaking population, and (2) its 
balanced range of tests covering verbal and visuospatial 
memory, attention and working memory, executive func-
tions, psychomotor speed and language. This battery 
included the following.

Verbal Memory Domain
 1. Hong Kong List Learning Test (HKLLT)

Visuospatial Skill and Memory Domain
 1. The Rey Osterrieth Complex Figure Test

Attention and Working Memory Domain

 1. The verbal and visual digit span forward and backward 
tests from the Chinese Wechsler Memory Scale-Third 
Edition
Executive Function and Psychomotor Speed Domain

 1. Symbol-Digit Modalities Test
 2. Color Trails Test (CTT)
 3. Animal fluency

Language Domain
 1. Modified Boston Naming Test (mBNT)

Cognitive domain scores were computed by averaging the 
z scores of the respective test measures derived from estab-
lished age- and education-matched norms. A cognitive 
domain deficit was defined as a cognitive domain z 
score < −1.65 (below the fifth percentile).

 Statistical Analyses

Data were analyzed using SPSS for Windows, version 20.0 
(SPSS, Chicago, IL, USA). Correlations were assessed by 
Kendall’s tau-b coefficients. Multivariate statistical analy-
ses were performed with multiple logistic regressions 
using the Enter method. Univariate statistical analyses 
were performed using contingency analysis (Pearson chi-
square test and Fisher exact test) for categorical data. 
Statistical significance was taken as a two-tailed p value of 
0.05 or less.

 Results

We recruited 34 patients with traumatic bifrontal contusions 
over a 2-year period. Nine (26%) patients had craniotomy for 
evacuation of left or right frontal contusions. Thirty-one 
(91%) were male and age was 52 ± 16 years.

Functional outcome using mRS was significantly corre-
lated with cognitive outcomes using MMSE or MoCA. The 
effect of cognitive outcome using MMSE or MoCA persisted 
after adjustments of age, sex, admission Glasgow Coma 
Scale, and surgery.

Fourteen patients completed the comprehensive neuro-
psychological assessments. 36% had verbal memory 
domain deficit, 36% had executive function and psychomo-
tor speed domain deficit, 18% had visuospatial skill and 
memory domain deficit, 23% had working memory and 
attention domain deficit, and 29% had language domain 
deficit. Unfavorable outcome was significantly associated 
with language domain deficit, visuospatial skill and mem-
ory domain deficit, and working memory and attention 
domain deficit.
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 Discussion

We found that cognitive dysfunction was associated with 
functional outcome measured in mRS. Whether these out-
comes were similarly related to the severity of TBI or cogni-
tive dysfunction posed obstacles to activity of daily living 
remained to be further evaluated. Various cognitive domains, 
rather than one to two domains, were being affected in 
patients after traumatic bifrontal contusions.

Concerning possible adjunct to surgical and neurointensive 
treatment, there has recently been interest in using mesenchy-
mal stem cells (MSCs) in the treatment of TBI [11]. 
Experimental study suggested that MSCs have the ability to 
modulate inflammation-associated immune cells and cytokines 
in TBI-induced cerebral inflammatory responses [12]. In 
another study, the investigators determined that the CXC che-
mokine receptor 4 (CXCR4)-SDF1α (stromal cell- derived fac-
tor 1α) axis in engineered MSCs serves not only to attract MSC 
migration to TBI but also to activate the Akt kinase signaling 
pathway in MSCs to promote paracrine secretion of cytokines 
and growth factors [13]. The relative abundance of harvest 
sources of MSCs such as from adipose tissue also makes them 
particularly appealing. Recently, numerous studies have inves-
tigated the effects of infusion of MSCs into animal models of 
TBI [11]. The results have shown significant improvement in 
the motor function of the damaged brain tissues.

There were several limitations in our current study. Firstly, 
the study did not examine how cognitive dysfunction inter-
fered with different tasks of activity of daily living. Secondly, 
quality of life and neuropsychiatric assessments were not 
included. Thirdly, the sample size did not allow meaningful 
evaluation of the effect of surgical evacuation of hematoma 
with or without primary or secondary decompressive craniec-
tomy. Fourthly, we did not have serial assessments in these 
patients to see the pattern of cognitive dysfunction at different 
time points and how these dysfunctions evolved over time.

Our work is important as it provides an understanding of 
the cognitive dysfunction after traumatic bifrontal contusions. 
These data suggest that comprehensive neuropsychological 
battery is necessary for a complete evaluation of cognitive 
dysfunction in patients with traumatic bifrontal contusions.

 Conclusions

Cognitive dysfunction was common after TBI with bifrontal 
contusion and had a significant impact on functional outcome. 
Treatment strategy should be developed to minimize them.
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Abstract Background: Non-invasive measurement of intra-
cranial pressure (ICP) can be invaluable in the management 
of critically ill patients. Invasive measurement of ICP 
remains the “gold standard” and should be performed when 
clinical indications are met, but it is invasive and brings some 
risks. In this project, we aim to validate the non-invasive ICP 
(nICP) assessment models based on arterious and venous 
transcranial Doppler ultrasonography (TCD) and optic nerve 
sheath diameter (ONSD).

Methods: We included brain injured patients requiring 
invasive ICP monitoring (intraparenchymal or intraventricu-
lar). We assessed the concordance between ICP measured 
non-invasively with arterious [flow velocity diastolic for-
mula (ICPFVd) and pulsatility index (PI)], venous TCD (vPI) 
and ICP derived from ONSD (nICPONSD) compared to inva-
sive ICP measurement.

Results: Linear regression showed a positive relationship 
between nICP and ICP for all the methods, except PIv. 
ICPONSD showed the strongest correlation with invasive ICP 
(r = 0.61) compared to the other methods (ICPFVd, r = 0.26, 
p value = 0.0015; PI, r = 0.19, p value = 0.02, vPI, r = 0.056, 
p value = 0.510). The ability to predict intracranial hyperten-
sion was highest for ICPONSD (AUC = 0.91; 95% CI, 0.85–0.97 

at ICP > 20 mmHg), with a sensitivity and specificity of 85%, 
followed by ICPFVd (AUC = 0.67; 95% CI, 0.54–0.79).

Conclusions: Our results demonstrate that among the 
non- invasive methods studied, ONSD showed the best accu-
racy in the detection of ICP.

Keywords Brain ultrasound · Intracranial pressure · 
Transcranial doppler · Optic nerve sheath diameter

 Introduction

Elevated intracranial pressure (ICP) is an important cause of 
secondary brain injury and may be associated with a poor 
outcome [1]. Clinical signs of elevated ICP, such as head-
ache, altered level of consciousness and vomiting, are con-
sidered to be non-specific and unreliable predictors of brain 
damage [2]. The “gold standard” for continuous ICP moni-
toring is an intraventricular catheter connected to an external 
pressure transducer [3]. However, the procedure is invasive, 
and it is at times complicated by infection, haemorrhage, 
malfunction, obstruction and malpositioning of the catheter 
[4, 5]. Therefore, non-invasive measurement of ICP (nICP) 
can be invaluable in the management of critically ill patients 
[6]. This project is focused on comparing and refining meth-
ods for nICP assessment based on arterial and venous tran-
scranial Doppler ultrasonography (TCD) and optic nerve 
sheath diameter (ONSD) ultrasonography.

 Methods

This single-centre non-invasive clinical trial was approved 
by the institutional ethics committee and written informed 
consent was obtained from all participants’ next of kin. 
Patients admitted to the Neurocritical Care Unit, 
Addenbrookes Hospital, Cambridge, UK, for intracranial 

Non-invasive Intracranial Pressure Assessment in Brain  
Injured Patients Using Ultrasound-Based Methods

Chiara Robba, Danilo Cardim, Tamara Tajsic, Justine Pietersen, Michael Bulman, Frank Rasulo, Rita Bertuetti, 
Joseph Donnelly, Liu Xiuyun, Zofia Czosnyka, Manuel Cabeleira, Peter Smielewski, Basil Matta, 
Alessandro Bertuccio, and Marek Czosnyka

C. Robba, M.D. (*) • T. Tajsic • B. Matta 
Neurosciences Critical Care Unit, Addenbrooke’s Hospital, 
University of Cambridge, Cambridge, UK
e-mail: kiarobba@gmail.com 

D. Cardim • J. Donnelly • L. Xiuyun • Z. Czosnyka • M. Cabeleira 
P. Smielewski • M. Czosnyka 
Brain Physics Laboratory, Division of Neurosurgery, Department of 
Clinical Neurosciences, University of Cambridge, Cambridge, UK 

J. Pietersen • M. Bulman 
Department of Anaesthesia, Addenbrooke’s Hospital, University of 
Cambridge, Cambridge, UK 

F. Rasulo • R. Bertuetti 
Neurocritical Care Unit, Department of Anaesthesia, Intensive 
Care and Emergency Medicine, Spedali Civili, Brescia, Italy 

A. Bertuccio 
Division of Neurosurgery, S. George’s Hospital, London, UK

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-65798-1_15&domain=pdf
mailto:kiarobba@gmail.com


70

diseases (including traumatic brain injury, subarachnoid 
haemorrhage and stroke) that necessitate monitoring of ICP 
with continuous intraparenchymal or intraventricular moni-
toring were enrolled in this study.

Inclusion criteria were age >18 and necessary ICP moni-
toring in situ (intraparenchimal or intraventricular). 
Exclusion criteria were a history of optic nerve lesion or pre-
vious optic nerve trauma, cerebral venous thrombosis, skull 
base fracture with cerebral spinal fluid leakage, inaccessible 
ultrasound window and the absence of informed consent.

ONSD ultrasound measurements were performed and 
recorded twice a day from day 1 to day 5 of admission, and 
in the case of high dynamics of ICP (like plateau waves) on 
event. Doppler velocity in the middle cerebral artery (MCA) 
and venous TCD on the straight sinus (SS) was simultane-
ously measured in all the patients.

ONSD was measured 3 mm behind the retina [7]. A sin-
gle investigator used a 7.5-MHz linear ultrasound probe ori-
ented perpendicularly in the vertical plane and at around 30° 
in the horizontal plane on the closed eyelids of both eyes of 
supine subjects. Ultrasound gel was applied to the outside of 
each eyelid and recordings made in the axial and longitudi-
nal planes of the widest diameter visible. Measurements 
were performed in the transverse and sagittal planes of both 
eyes, and the final ONSD value was calculated by averaging 
four measured values.

Arterious TCD was performed on the MCA through the 
temporal window. TCD measurements were conducted 
trans-temporally using a traditional 2-MHz transducer as 
previously described [7].

Venous TCD was performed on the SS through an occipi-
tal and transforaminal bone window at a depth of 50–80 mm 
for flow directed towards the probe, as described by Schoser 
et al. [8].

Pulsatility index (PI) was calculated according to 
Gosling’s method [9]: [PI = (FVs − FVd)/FVm]. FVd-based 
non-invasive ICP (ICPFVd) was derived from the work of 
Czosnyka et al. [10], in which the authors describe a method 
for non-invasive estimation of cerebral perfusion pressure 
(nCPP) in traumatic brain-injured patients:

 
nCPP ABPm FVd FVm= ( ) +• / 14  

Non-invasive ICP was estimated as the difference between 
inflow (ABPm) and non-invasive cerebral perfusion 
pressure:

 
ICP mmHg ABPm nCPPFVd ( ) = -  

PI-derived non-invasive ICP from the SS (vPI) was calcu-
lated as [8]:

 
PI maximalBFV minimal BFV mean BFV= -( ) /  

The value of ONSD-derived ICP was calculated 
according to our preliminary unpublished results, from 

the regression plot in a cohort of 23 neurocritical care 
patients, where invasive ICP was compared with ONSD 
ultrasound measurements:

 
nICP ONSDONSD = -( )3.7242 0.128/  

 Results

A total of 22 patients were included in this study, with a 
total of 110 measurements. The characteristics of the 
patients are shown in Table 1. Median value of ICP was 10 
(IQR = 17–5.0).

Results from linear regression showed a positive relation-
ship between ICP and nICP calculated with ICPONSD, ICPFVd 
and PI, but not for vPI (Fig. 1). ICPONSD showed the strongest 
correlation with invasive ICP (r = 0.61) compared to the 
other methods (ICPFVd: r = 0.26, p value = 0.001; PI: r = 0.19, 
p value = 0.02; vPI: r = 0.056, p value = 0.51). Results from 
the receiver operator characteristic (ROC) curve analysis are 
shown in Fig. 2.

The ability to predict intracranial hypertension (threshold 
20 mmHg) was highest for ICPONSD (AUC = 0.91; 95% CI, 
0.85–0.97 at ICP > 20 mmHg), with a sensitivity and speci-
ficity of 85%, followed by ICPFVd (AUC = 0.67; 95% CI, 
0.54–0.79).

 Discussion

According to our results, ONSD showed the best accuracy to 
assess non-invasively ICP when compared with TCD-based 
methods. To our knowledge, this is the first study comparing 
ONSD ultrasonography with different (arterious or venous) 
TCD methods. Non-invasive ICP is a poorly developed tech-

Table 1 Characteristics of the patients

Total number of patients 22

Sex (M/F) 10/12

Age (mean SD) years 62 ± 15.3

Weight (mean SD) kg 78 ± 5.2

Height (mean SD) cm 172 ± 13.4

Comorbidities 4 hypertension
3 diabetes
3 COPD

Reason for admission (n) Isolated traumatic brain injury n = 8
Polytrauma n = 7
aSAH n = 7

GCS at admission 7 ± 3.2

Complications Infection n = 7
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nique, and several attempts have been made in order to find 
an accurate method to estimate ICP, but so far none of these 
can substitute the invasive gold standard [6].

The optic nerve sheath (ONS) is continuous with dura 
mater; as such, the space within the sheath is continuous with 
the cranial subarachnoid space. When ICP increases, the 
pressure in the ONS increases linearly, which distends the 
ONS. Several studies have directly correlated ONSD mea-
surements on ultrasound with ICP measured invasively [6]. 
The cut-off value for normal ONSD, measured 3 mm poste-
rior to the globe, ranges from 5.2 to 5.9 mm. The sensitivity 
is 74–95% and the specificity is 74–100% to identify ICP 
>20 mmHg [11, 12].

TCD is a non-invasive, safe and bedside tool, and it has 
been used for multiple applications, including detection of 

changes in cerebral blood flow, vasospasm and circulatory 
arrest [13]. The non-invasive evaluation of ICP using TCD 
has also been studied. TCD generates a velocity–time wave-
form of cerebral blood flow from which the peak systolic 
(PSV) and end-diastolic (EDV) flow rates can be measured.

The Gosling pulsatility index (PI) has been for many years 
the most commonly used formula, but many studies have 
demonstrated that PI value cannot determine the correspond-
ing ICP with an acceptable clinical precision [13, 14]. 
Similarly, different formulas and mathematical approaches 
have been proposed for ICP and CPP estimation [10]. Schmidt 
et al. [15] proposed a new non-PI-related formula for estima-
tion of CPP and therefore ICP based on FVd, which proved 
that the absolute difference between real CPP and nCPP so 
calculated was less than 10 mmHg in 89% of measurements 
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and less than 13 mmHg in 92% of measurements in their 
study. The same group of authors, in another study [10], rein-
forced the results of the above-mentioned study (correlation 
between and CPP and measured CPP was r = 0.73; 
p < 0.0001). Venous TCD ultrasonography is an evolving 
technique [8]. Within a closed skull, cerebral compliance 
depends secondarily on the compressibility of the low-pres-
sure venous or capacitance segment of the vascular bed. This 
venous capacitance segment encompasses 70% of the com-
plete cerebral vascular volume. With progressive increases in 
ICP, venous blood flow is impaired (venous congestion) 
before secondary arterial blood flow came to stasis. These 
venous changes were observed at approximately 50 mmHg of 
ICP. The main study in this field has been conducted by 
Schoser et al. [8], who performed venous TCD on 30 control 
volunteers and 25 patients with raised ICP. Venous blood-
flow velocities (BFVs) in the basal vein of Rosenthal showed, 
within a certain range, a linear relationship between mean 
ICP and maximal venous BFV (r = 0.645; p < 0.002). 
Moreover, a linear relationship was found for maximal venous 
BFVs in the SS and mean ICP (r = 0.928; p < 0.0003) [8].

 Conclusions

Non-invasive estimation of ICP is a developing field. The 
ideal non-invasive ICP monitoring method should be safe, 
low cost, easily available, suitable for emergency settings 

and accurate. At present, none of these methods seem to be 
reliable and accurate enough to substitute the invasive ICP 
measurement. However, ONSD ultrasonography is a simple 
repeatable, bedside tool, widely used and, among the meth-
ods described here, it seems to have highest accuracy in the 
detection of ICP.
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Abstract Objective: We developed a new minimally inva-
sive method for intracranial pressure monitoring (ICPMI). 
The objective of this project is to verify the similarities 
between the ICPMI and the invasive method (ICPInv), for 
different components of the intracranial pressure signal—
namely, the mean value (trend) as well as its pulsatile 
component.

Materials and methods: A 9 kg anesthetized pig was used 
for simultaneous ICP monitoring with both methods. ICP 
was increased by performing ten infusions of 6 ml 0.9% 
saline into the spinal subarachnoid space, using a catheter 
implanted in the lumbar region. For correlation analysis, the 
signals were decomposed into two components—trend and 
pulsatile signals. Pearson correlation coefficient was calcu-
lated between ICPInv and ICPMI.

Results: During the infusions, the correlation between 
the pulsatile components of the signals was above 0.5 for 
most of the time. The signal trends showed a good agree-
ment (correlation above 0.5) for most of the time during 
infusions.

Conclusions: The ICPMI signal trends showed a good 
linear agreement with the signal obtained invasively. Based 
on the waveform analysis of the pulsatile component of ICP, 
our results indicate the possibility of using the minimally 
invasive method for assessing the neuroclinical state of the 
patient.

Keywords Intracranial pressure ∙ Minimally invasive ∙ ICP 
waveform ∙ Spinal infusion

 Introduction

Intracranial pressure (ICP) is a relevant parameter for the 
management of many neuropathologies [1]. Current proce-
dures to access ICP are invasive and subject to risks of brain 
damage and infections. Increased ICP is commonly seen is 
traumatic brain injury, where the need to know this param-
eter overcomes the risks associated with its assessment. The 
possibility to evaluate ICP non-invasively would be valu-
able in several brain disorders, as it could lead to a better 
management of the patient in a broader variety of clinical 
conditions [2–5].

We present in this work the application of a minimally 
invasive ICP method (ICPMI) based on mechanical exten-
someters in an experimental model of intracranial hyper-
tension. ICPMI basically consists of a strain gauge 
(mechanical extensometer) attached to the parietal region 
laterally to the sagittal suture. The sensor is able to detect 
small skull deformations resulting from changes in ICP. At 
the current state of development, this method does not yield 
pressure values calibrated in millimetres of mercury, but 
provides continuous information about the ICP waveform 
and changes in time.

The objective of this study was to verify the similarities 
between the ICPMI and the invasive method (ICPInv) for 
different components of the ICP signal—namely, the mean 
value (trend) and its pulsatile component.
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 Materials and Methods

 Experimental Protocol

A 9 kg anesthetized pig (n = 1) was used for simultaneous 
ICP monitoring with ICPMI and ICPInv methods. The 
ICPMI (Braincare, São Carlos, Brazil) sensor was glued on 
the parietal bone. The ICPInv (Codman & Shurtleff) micro 
transducer was inserted into the brain parenchyma, in the 
contralateral side of ICPMI (Fig. 1). Both sensors were 
plugged to the device Braincare CR15. All procedures were 
approved by the local Ethics Committee (CEEA/FMRP: 
014/2013). ICP was increased by performing ten 6 ml infu-
sions of 0.9% saline into the spinal subarachnoid space, 
using a catheter implanted in the lumbar region. The ICP 
signals were recorded using the ICP monitor BC Research 
1.5 (Braincare), Braincare BCR software v.1.2 and the data 
were analysed using the Braincare Analytics System.

 Data Analysis

To perform the correlation analysis, the signals were decom-
posed into two components—trend and pulsatile signals. The 
trend signal was defined as the mean value of the signal 
envelope, obtained from the interpolation (cubic spline) [6] 
of the local minima and maxima. To avoid possible drift 
influences in ICPMI signal, we linearly interpolated the sig-
nal before the start of each infusion and subtracted this linear 
trend from the signals before, during and after each corre-
sponding infusion.

Linear correlation coefficient (Pearson) was calculated 
between ICP and minimally invasive ICP within temporal 

windows of 60s, with an overlapping of 50s. We consid-
ered correlations above 0.5 as significant. The analysis was 
performed using custom programs written in Python lan-
guage, using the libraries Scipy [7], Matplotlib [8] and 
Scikit-learn [9].

 Results

During the infusions, the correlation between the pulsatile 
components of the signals was above 0.5 for most of the 
time. The signal trends showed a good agreement (correla-
tion above 0.5) for most of the time during infusions. Figure 2 
shows comparisons between minimally invasive and invasive 
ICP monitoring methods for the first and last infusion proce-
dures, respectively.

 Discussion

In this work, skull deformations could be associated with 
changes in ICPInv using ICPMI. Nevertheless, the calibra-
tion in absolute values (mmHg) for the minimally invasive 
ICP measurement still needs to be developed.

Our findings suggest that the minimally invasive method 
can be safely used as a simple and cost-effective alternative 
tool for ICP monitoring. Translated to clinical practice, the 
ICPMI could be applied where ICP monitoring has been lim-
ited due to the risks associated with the invasive procedures.

A potential limitation of this study is associated with the 
insertion of the needle into the spinal canal without external-
izing the animal spine; thus, adequate control of the dural 
puncture was not feasible and leakage of saline possibly 

Fig. 1 The minimally invasive 
sensor placed on the parietal 
region of the pig skull (black 
arrow)
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occurred after reaching a certain pressure threshold. The 
occurrence of a plateau phase for both methods indicates the 
moment when the pressure caused the balance between the 
volume of fluid infused and the fluid leaking through the lum-
bar puncture. The drift presented by the ICPMI sensor signal 
is mainly caused by the variation in temperature over the 
extensometer is subjected. This may have caused a mismatch 
in the correlation coefficients, as ICPInv is less influenced by 
temperature once it is in contact with the brain parenchyma.

 Conclusions

The ICPMI signal trends showed a good linear agreement 
with the signal obtained invasively, despite occasional drifts 
caused by temperature variations or other sources of interfer-
ence that might influence the minimally invasive sensor’s 
performance. Based on the waveform analysis of the pulsa-
tile component of ICP, our results indicate the possibility of 
using the minimally invasive method for monitoring changes 
of ICP.
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Abstract Objective: Previously we described the method of 
continuous intracranial pressure (ICP) estimation using arte-
rial blood pressure (ABP) and cerebral blood flow velocity 
(CBFV). The model was constructed using reference patient 
data. Various individual calibration strategies were used in 
the current attempt to improve the accuracy of this non-inva-
sive ICP (nICP) assessment tool.

Materials and methods: Forty-one patients (mean, 52 
years; range, 18–77 years) with severe brain injuries were 
studied. CBFV in the middle cerebral artery (MCA), ABP 
and invasively assessed ICP were simultaneously recorded 
for 1 h. Recording was repeated at days 2, 4 and 7. In the first 
recording, invasively assessed ICP was recorded to calibrate 
the nICP procedure by means of either a constant shift of 
nICP (snICP), a constant shift of nICP/ABP ratio (anICP) or 
by including this recording for a model reconstruction 
(cnICP). At follow-up days, the calibrated nICP procedures 
were applied and the results compared to the original nICP.

Results: In 76 follow-up recordings, the mean differences 
(Bias), the SD and the mean absolute differences (ΔICP) 
between ICP and the nICP methods were (in mmHg): nICP, 
−5.6 ± 5.72, 6.5; snICP, +0.7 ± 6.98, 5.5, n.s.; anICP, 
+1.0 ± 7.22, 5.6, n.s.; cnICP, −3.4 ± 5.68, 5.4, p < 0.001. In 
patients with craniotomy (n = 19), the nICP was generally 

higher than ICP. This overestimation could be reduced by 
cnICP calibration, but not completely avoided.

Discussion: Constant shift calibrations (snICP, anICP) 
decrease the Bias to ICP, but increase SD and, therefore, 
increase the 95% confidence interval (CI = 2 × SD). This cali-
bration method cannot be recommended. Compared to nICP, 
the cnICP method reduced the Bias and slightly reduced SD, 
and showed significantly decreased ΔICP. Compared to 
snICP and anICP, the Bias was higher. This effect was prob-
ably caused by the patients with craniotomy.

Conclusion: The cnICP calibration method using initial 
recordings for model reconstruction showed the best results.

Keywords Intracranial pressure · Cerebral blood flow  
· Transcranial Doppler ultrasonography · Arterial blood 
pressure

 Introduction

Transcranial Doppler ultrasonography (TCD) has been used 
for many years to estimate intracranial pressure (ICP) [1–5]. 
We previously introduced a mathematical model in which 
TCD assessed cerebral blood flow velocity (CBFV) in the 
middle cerebral artery (MCA) and arterial blood pressure 
(ABP) signals were used to generate a continuous non- invasive 
assessment of ICP (nICP) [6]. A database of data from refer-
ence patients, consisting of CBFV, ABP and invasively mea-
sured ICP, was used as teaching data to derive the algorithm 
for nICP assessment. The accuracy of the nICP assessment 
procedure relies on the general validity of this algorithm. 
Although the nICP assessment method has been validated in 
many patients in various clinical studies [7, 8], differing errors 
of this method suggested individual deviations from the gen-
eral algorithm. The aim of this study was to investigate how a 
temporarily implanted ICP probe in a patient could be used for 
an individual adaptation of the nICP assessment algorithm, 
that is, an individual calibration of the nICP procedure. Such a 
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 scenario seems to fit clinical needs for further ICP follow-up 
after a period of initial direct monitoring. Furthermore, we 
investigated which type of  calibration—of three conceived 
calibration methods—was the most suitable.

 Materials and Methods

 Patient Population

Recorded signal data from 41 consecutive patients with severe 
cerebral diseases (age, 18–77 years; mean age, 52 ± 17 years; 
28 men/13 women) who underwent multimodal monitoring 
between 2005 and 2009 were analysed. Patients were treated 
in the Neurocritical Care Unit of the Medical Centre Chemnitz. 
They suffered either from traumatic brain injury (TBI; n = 20) 
with subarachnoid haemorrhages (n = 7), intracerebral haem-
orrhages (n = 4) and intracranial hematoma (n = 11), or from 
non-traumatic diseases (n = 21), i.e. aneurysmal subarachnoid 
haemorrhages (n = 4), spontaneous intracerebral haemor-
rhages (n = 10), MCA infarction (n = 4), cerebral venous sinus 
thrombosis, hypoxic encephalopathy, and encephalitis. In 19 
patients, craniotomy was performed before repeated data 
recording started. All patients were sedated and mechanically 
ventilated with fixed ventilator settings at every recording time 
point. Patients’ arterial partial pressure of carbon dioxide 
(PaCO2) ranged from 26 to 49 mmHg.

The study was approved by the Local Ethics Committee. All 
signal monitoring was part of a clinical routine. The retrospec-
tive data analysis did not require individual patient consent.

 Monitoring

A two MHz pulsed Doppler device (Multidop-P; DWL, 
Sipplingen, Germany) was used for assessment of transcra-
nial Doppler (TCD) signal. The envelope curve of CBFV in 

the MCA was continuously monitored in the hemisphere 
ipsilateral to the brain lesion in most cases. TCD signals 
were recorded during stable periods free from nursing. ABP 
was measured with a standard manometer line inserted into 
the radial artery. ICP was measured using either implanted 
intraparenchymal or intraventricular microsensor catheters 
(Raumedic, Helmbrechts, Germany).

 Computer-assisted Recording

Personal computers fitted with data acquisition systems (Daq 
112B; Iotech, Cleveland, OH, USA) and software developed 
in-house were used for recording and analysing TCD, ABP 
and ICP signals and for calculation of nICP (see below). For 
each recording time point, signals were assessed over a 60-min 
period with a sampling frequency of 25 Hz. If possible, record-
ing was repeated at days 2, 4, and 7. The day 1 recording of 
each patient was taken to calibrate the nICP assessment proce-
dure while the follow-up recordings were used for its valida-
tion. In total, 130 recordings of 41 patients were acquired.

 Non-invasive ICP Assessment

The non-invasive ICP is the result of a signal transformation 
[so-called Dirac Impulse Response (DIR) [9]] of the ABP sig-
nal. This transformation (DIR ABP → ICP) is not constant but 
changes in time. During nICP assessment, the DIR ABP → ICP 
is controlled and continuously updated by parameters (so-
called TCD-characteristics) derived from measured CBFV 
and ABP signals (Fig. 1b) [6]. The TCD characteristics are 
recalculated in 10-s intervals. They substantially consist of 
coefficients of a DIR ABP → CBFV and additional ICP related 
parameters, such as pulsatility index (Fig. 1a). The model 
assumes linear relationship between TCD characteristics and 
the coefficients of the DIR ABP → ICP. This relationship has 

Fig. 1 Procedure of non-invasive ICP assessment. (a) Generation of nICP 
procedure. Signal data of 197 reference patients with severe brain injuries 
was used to assess the relationship between TCD characteristics (tcd, 
parameters calculated from CBFV and ABP) and DIR ABP → ICP (linear 
transformation of ABP into ICP signal, calculated from ABP and inva-
sively assessed ICP) by means of multiple regression analyses. The rela-
tionship was described in terms of nICP matrix (A, B). (b) Calculation of 
nICP. From measured CBFV and ABP the TCD characteristics are derived 
and multiplied with the formerly calculated nICP matrix (A, B) 
(tcd → A × tcd + B). This results in the DIR ABP → nICP function (= 
estimation of the correct DIR ABP → ICP), which transforms the ABP 
signal into nICP. (c) Points of possible calibration. Calibration may be 
performed at different points in the flow diagram, by either adjusting the 
nICP matrix (A, B), or the DIR ABP → nICP, or by adjusting the calcu-

lated nICP signal itself. (d) Calibration 1. Day-1 recording data of a 
patient is added to the reference signal data and the nICP procedure is re-
generated. This yields the new nICP matrix (A^, B^), adjusted to the indi-
vidual features of this patient. (e) Calibration 2. The difference of ratios 
ICP/ABP − nICP/ABP is averaged over Day-1 recording of a patient, 
resulting in w′. Assuming that this difference remains approximately con-
stant on subsequent days, calibrated nICP in this patient is achieved by 
adding the product w′ × meanABP, (mean =10 s mean), to the (standard) 
nICP. This product should then provide an approximation of the current 
difference between ICP and nICP. .(f) Calibration 3. The mean difference 
K = ICP − nICP of the day-1 recording is calculated. Assuming that the 
difference ICP − nICP remains approximately constant, the constant K is 
added to the calculated nICP on subsequent days to result in the calibrated 
snICP signal. (DIR Dirac impulse response, TCD transcranial Doppler)
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been computed by means of multiple regression analyses on 
data recordings of CBFV, ABP and (invasively assessed) ICP 
from a group of 197 reference patients with TBI (n = 170) or 
non-traumatic brain injuries, and it has been expressed in 
terms of matrix A and vector B [so-called nICP matrix (A, B)] 
(Fig. 1a). The reference patients have been treated earlier in 
Addenbrooke’s Hospital (140) and Medical Centre Chemnitz. 
None of these patients were part of the study group.

 Calibration Methods

If applied to a certain patient, calibration of the nICP proce-
dure means adaptation to the individual characteristics of this 
patient in order to improve accuracy of ICP estimation. 
Calibration of the nICP assessment procedure may be achieved 
by an appropriate adjustment of either the nICP matrix [cali-
bration 1 (Cal1)], the DIR ABP → ICP function [calibration 2 
(Cal2)], or the calculated nICP itself [calibration 3 (Cal3)] 
(Fig. 1c). For Cal1 (Fig. 1d), the data of the day-1 recording of 
the patient is added to the reference patients’ data. Then, mul-
tiple regression is reprocessed using this extended data, result-
ing in the modified nICP matrix (A^, B^). On subsequent 
days, (A^, B^) is used to calculate the calibrated cnICP signal. 
For Cal2 (Fig. 1e), the mean ratio w′ = mean of the 
(ICP − nICP)/ABP ratio of the day-1 recording is calculated. 
On subsequent days, w′ is multiplied by the mean ABP (10-s 
average, recalculated every 10 s) and added to the calculated 
nICP to result in the calibrated anICP signal. For Cal3 (Fig. 1f), 
the mean difference K = ICP − nICP of the day-1 recording is 
calculated. On subsequent days, the constant K is added to the 
calculated nICP to result in the calibrated snICP signal.

 Results

In 2 of 41 patients, follow-up data could not be assessed 
because of patient death. In 39 patients, 76 follow-up record-
ings were performed (in nine patients, one follow-up record-
ing; in 23 patients, two in seven patients, three). In these 
recordings, invasively assessed ICP ranged from 0.1 to 
22.1 mmHg, the average ± standard deviation (SD) being 
15.3 ± 17.2 mmHg. The mean differences (Bias), its SD and 
the mean absolute differences (ΔICP) between ICP and the 
nICP methods were: −5.6 ± 5.72 mmHg and 6.5 mmHg 
(standard nICP assessment); for cnICP (Cal1), 
−3.4 ± 5.68 mmHg and 5.4 mmHg (p < 0.001); for anICP 
(Cal2), +1.0 ± 7.22 mmHg and 5.6 mmHg; in the case of 
snICP (Cal3), +0.7 ± 6.98 mmHg and 5.5 mmHg. ΔICP in 
cnICP (5.4 mmHg) was significantly lower than ΔICP 
in nICP (6.5 mmHg) (p < 0.001; Wilcoxon test), while ΔICP 

in both anICP and snICP did not differ from ΔICP in 
nICP. The 95% confidence intervals (CI) of (ICP − nICP), 
calculated as the intervals (mean – 2 × SD, mean + 2 × SD), 
had half- lengths of 11.44, 11.36, 14.44 and 13.96 mmHg in 
standard, Cal1, Cal2 and Cal3 methods (Fig. 2).

 Discussion

Different measures have been used in the past to assess the 
accuracy of calculated non-invasive ICP in patient popula-
tions [10]. Due to this fact, the results of these studies are 
difficult to compare. However, in recent work there had been 
a common tendency to assess the mean of the difference 
(ICP − nICP) together with its standard deviation in the test- 
population [11]. The mean (ICP − nICP) might be inter-
preted as the systematic error of nICP compared to invasive 
ICP reference in the tested population. This explains why 
mean (ICP − nICP) is also called Bias. The SD of 
(ICP − nICP) is a measure of the fluctuation of (ICP − nICP) 
around the Bias and is interpreted as the random error of the 
method [12]. Moreover, if the differences in ICP − nICP are 
normally distributed—which is usually true but should be 
verified—the SD is directly proportional to the size of the 
95% CI of the nICP method.

However, both Bias and SD add to the deviation between 
invasive and non-invasively assessed ICP. In order to quan-
tify this deviation, the authors used the mean of absolute dif-
ference ICP − nICP (ΔICP) and its 95th percentile as 
additional parameters. Both parameters do not need the 
assumption of a normal distribution.

The calibration methods Cal2 and Cal3 use constant shifts 
of the nICP (ICP − nICP, Cal3) and the ratio nICP/ABP 
[(ICP − nICP)/ABP, Cal2] in day 1 recordings to adjust the 
nICP assessment to the particular patient. By construction of 
these shifts, both anICP (Cal2) and snICP (Cal2) equals—on 
average—ICP in each of the day-1 recordings. Therefore, if 
applied to the day-1 recordings, both methods have a zero Bias. 
The follow-up recordings, however, belong to the same patient 
population. Therefore, a systematic error of nICP assessment 
in the follow-up day recordings should be similar to the sys-
tematic error in day-1 recordings. This consideration might 
explain the Bias of almost zero in methods Cal2 and Cal3.

However, a drawback of these methods was the observed 
increased SD. Different nICP shifts in different patients may 
create an inter-patient deviation of (ICP − nICP) which adds 
to the initial SD. This might be the reason for the increased 
SD of (ICP − nICP) of both the Cal2 and Cal3 methods. The 
idea of the Cal1 method was to integrate the individual hae-
modynamic peculiarities of the patient to the general model. 
This method is more “in the spirit” of the underlying data- 
based model than the other two calibrations. Compared to 
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the standard nICP method, the Bias of cnICP assessment was 
reduced by 40%, while the SD decreased marginally. Overall, 
the deviation between ICP and nICP assessed in terms of 
ΔICP and its corresponding 95th percentile was lower in 
Cal1 than in both Cal2 and Cal3 methods.

 Limitations

The Cal1 method used a combination of training and testing 
datasets for the construction of the nICP procedure. The 
training data should prevent a possible overfitting of the 
model and keep the model generally applicable. The test 

patient data (day 1 only) should specialise the model for 
application to the test patient. A balance between both datas-
ets had to be found for both stability and improved individual 
accuracy. Although the process of Cal1 might look compli-
cated if compared to Cal3, it may be easily automated using 
the day 1 recording as input data of specific Cal1 software.

Nineteen patients with craniotomy (n = 19) were part of 
the population studied, but none of the 197 reference patients 
used earlier for model construction underwent craniotomy. 
This might explain the strong Bias of nICP (−5.6 mmHg) 
compared to former studies (Bias = −1.3 mmHg) [13]. On 
the other hand, the objective of this study was to assess the 
power of the calibration methods to adapt to the individually 
differing features of patients.

Standard nICP method

ICP-nICP:
mean: -5.6 mm Hg
SD: 5.71 mm Hg
95% CI: -17.04 – 5.84 mm Hg

abs (ICP-nICP):
mean: 6.5 mm Hg
95th percentile: 16.5 mm Hg

Calibration 1

ICP-cnICP:
mean: -3.4 mm Hg, P<0.001*
SD: 5.68 mm Hg
95% CI: -14.76 – 7.96 mm Hg

abs (ICP-cnICP):
mean: 5.4 mm Hg, P<0.001*
95th percentile: 13.1 mm Hg

Calibration 2

ICP-anICP:
mean: 1.0 mm Hg, P<0.001*
SD: 7.22 mm Hg
95% CI: -13.44 – 15.44 mm Hg

abs (ICP-anICP):
mean: 5.6 mm Hg, P=0.14
95th percentile: 15.4 mm Hg

Calibration 3

ICP-snICP:
mean: 0.65 mm Hg, P<0.001*
SD: 6.98 mm Hg
95% CI: -13.31 – 14.61 mm Hg

abs (ICP-snICP):
mean: 5.5 mm Hg, P=0.17
95th percentile: 13.4 mm Hg
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Fig. 2 Comparisons of standard nICP method and three calibration 
methods with ICP probe results. The figure shows scatter plots of abso-
lute differences (left) as well as signed differences (middle) between 
ICP and nICP versus ICP in 76 recordings of 39 patients (all values in 
mmHg). Parameters describing the similarity between nICP and ICP 
are shown on the right side. The standard nICP assessment method 
showed a Bias [= mean (ICP − nICP)] of −5.6 mmHg with SD of 

5.71 mmHg. ΔICP [= mean abs(ICP − nICP)] was 6.5 mmHg. In cali-
brations 2 and 3, the Bias could be reduced to almost zero (p < 0.001; 
t-test), while SD increased to 7 mmHg. ΔICP did not decrease signifi-
cantly (p > 0.1; Wilcoxon test). In calibration 1, the Bias was reduced to 
−3.4 mmHg (p < 0.001; t-test). The SD was slightly lower than in the 
standard method, ΔICP was significantly lower (p < 0.001; Wilcoxon 
test), and its 95th percentile was the lowest of all methods
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 Conclusions

The studied calibration methods were able to reduce the sys-
tematic error, but none of them did reduce the random error of 
nICP assessment. Cal2 and Cal3 almost completely abolished 
the Bias of nICP assessment, but increased its SD. Therefore, 
neither of these methods can be recommended. Cal1 reduced 
the Bias without increasing the SD. Therefore, the Cal1 
method showed a moderate benefit and may be applied for 
nICP assessment after removal of the ICP probe.
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Abstract Objective: The monitoring of intracranial pres-
sure (ICP) is indicated for diagnosing and guiding therapy in 
many neurological conditions. Current monitoring methods, 
however, are highly invasive, limiting their use to the most 
critically ill patients only. Our goal is to develop and test an 
embedded device that performs all necessary mathematical 
operations in real-time for noninvasive ICP (nICP) estima-
tion based on a previously developed model-based approach 
that uses cerebral blood flow velocity (CBFV) and arterial 
blood pressure (ABP) waveforms.

Materials and methods: The nICP estimation algorithm 
along with the required preprocessing steps were imple-
mented on an NXP LPC4337 microcontroller unit (MCU). A 
prototype device using the MCU was also developed, com-
plete with display, recording functionality, and peripheral 
interfaces for ABP and CBFV monitoring hardware.

Results: The device produces an estimate of mean ICP 
once per minute and performs the necessary computations in 
410 ms, on average. Real-time nICP estimates differed from 
the original batch-mode MATLAB implementation of the  
estimation algorithm by 0.63 mmHg (root-mean-square 
error).

Conclusions: We have demonstrated that real-time nICP 
estimation is possible on a microprocessor platform, which 
offers the advantages of low cost, small size, and product mod-
ularity over a general-purpose computer. These attributes take 
a step toward the goal of real-time nICP estimation at the 
patient’s bedside in a variety of clinical settings.

Keywords Intracranial pressure · Microcontroller  
· Biomedical device · Model-based estimation · Embedded 
system

 Introduction

Intracranial pressure (ICP) is the hydrostatic pressure of 
cerebrospinal fluid (CSF). Elevated ICP can be extremely 
dangerous, as cerebral blood flow might become restricted 
and brain tissue may be compressed and shifted (herniation); 
elevated ICP often occurs due to space-filling lesions such as 
brain tumors, cerebral edema, hydrocephalus, or intracranial 
hemorrhage [1]. Monitoring ICP in patients suffering from 
such conditions is therefore imperative for alerting physi-
cians to patient deterioration and the potential need for inter-
vention. Current methods for monitoring ICP are highly 
invasive, involving the direct placement of a probe into the 
CSF space or brain tissue and come with inherent risks to the 
patient that can lead to complications. For this reason, nonin-
vasive methods for estimating ICP are being developed [2].

Kashif et al. [3] developed a noninvasive ICP (nICP) esti-
mation algorithm based on a lumped-parameter physiologi-
cal model of blood flow through the cerebrovascular system. 
The electric circuit analog model represents the resistance to 
blood flow of the cerebral vasculature by a resistive element 
R and the lumped arterial/cerebral tissue elastic properties by 
a compliance element C. The estimation algorithm uses arte-
rial blood pressure (ABP) and cerebral blood flow velocity 
(CBFV) waveforms as input to estimate R, C, and nICP. The 
algorithm was originally developed in MATLAB and runs in 
batch-mode, acting on windows of patient data after the data 
have been recorded and archived.

This paper presents a microcontroller-based implementa-
tion (Fig. 1) that uses the algorithm developed by Kashif et al. 
[3] to estimate nICP from ABP and CBFV signals acquired in 
real-time. ICP estimates are generated once every 60 s. The 
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device was also designed to connect to the analog outputs 
from standard noninvasive ABP and CBFV measurement 
hardware. ICP estimates, as well as the ABP and CBFV sig-
nals, are displayed on a liquid-crystal display (LCD) screen on 
the front panel and are also saved to a Secure Digital (SD) card 
within the device.

 Materials and Methods

 Core Tool Selection

The algorithm was implemented on an NXP LPC4337 
microcontroller unit (MCU) [4], which was selected for its 
large SRAM capacity, processor speed, and available 
peripherals. C++ was selected as the implementation lan-
guage for the device, and several open-source libraries 
(from the LPCOpen collection [5]) were used for control-
ling the LPC4337 hardware, such as setting the system 
control unit (SCU) and GPIO registers to select digital pin 
functionality.

 Strategy for Real-Time Estimation

In the development of the prototype device, we first had to 
modify the original batch-mode implementation to allow 
for real-time estimation. To achieve this task, the real-
time implementation is broken down into three stages. 
First, 60 s of CBFV and ABP data are recorded and stored 
in a local buffer. Second, the onset times of each ABP 

wavelet are determined [6]. Lastly, the onset times and 
recorded signals are passed to the model-based estimation 
procedure, which is also implemented on the embedded 
device. This three- stage process is repeated on successive 
data windows to produce a new estimate of nICP every 
60 s.

 Porting to C++

The MATLAB Coder tool [7] was used to port the original 
batch-mode MATLAB implementation of the ICP estimation 
algorithm to C++. The tool supports nearly all of the 
MATLAB language and produces C and C++ source code. 
However, the generated code is not optimized for a micro-
controller implementation where memory is scarce. The 
C++ implementations of the heartbeat onset detection and 
ICP estimation algorithms required 1.8 MB and 348 kB of 
RAM, respectively, which far exceeded the available 136 kB 
of SRAM on the MCU. For this reason, a major step in the 
device implementation process was to reduce the memory 
usage of the ported algorithm.

To fit the code into the MCU memory, we manually opti-
mized memory usage by addressing several major inefficien-
cies. The greatest inefficiency in the MATLAB-generated 
C++ code was that allocated memory was rarely reused. The 
implementation allocated temporary workspace data to new 
memory even when memory allocated earlier was no longer 
being used. We solved this issue by manually changing the 
C++ files to reuse workspace memory whenever possible. 
Additionally, the array sizes were unnecessarily large for our 
real-time estimation approach. For our optimized implemen-
tation, we assume that the maximum number of heartbeats 
possible in the 60-s window is (somewhat arbitrarily) 250 
beats. The implementation ignores any heartbeats in excess 
of 250, and an estimate will be produced for the window 
containing the initial 250 beats. Further optimizations 
included using single-precision floating-point variables 
instead of double-precision variables and performing opera-
tions in a manner that reuses memory wherever possible, 
albeit at the cost of speed.

In the final implementation, the MCU SRAM is spread 
out over five separate memory locations in block sizes of 
40 kB, 32 kB, 32 kB, 16 kB, and 16 kB, which created 
another memory-related implementation challenge. Some of 
the allocated arrays in the algorithm were over 30 kB large 
but could not span more than one SRAM block. To address 
this issue, we developed a software interface to provide vir-
tual contiguous memory access to the separate memory 
blocks, allowing for tight packing of allocated space and for 
large arrays to be accessible even when spanning two or even 
three RAM blocks.

Fig. 1 The assembled device prototype for real-time noninvasive ICP 
estimation
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 Peripherals

A Spencer ST3 transcranial Doppler (TCD) ultrasound sys-
tem [8] and Nexfin noninvasive cardiovascular monitor [9] 
recorded the CBFV and ABP, respectively. The analog out-
puts of both devices were connected to the two analog input 
ports implemented in our system. Analog waveforms were 
digitized through the analog-to-digital converters built into 
the LPC4337, and sampled at 250 samples/s.

An Adafruit 2.8″ thin-film-transistor (TFT) LCD [10] dis-
played the most recent nICP estimate. To lighten the compu-
tational load on the LPC4337, we used an Arduino Nano to 
control the LCD and display the ABP and CBFV waveforms 
as well as the estimated ICP.

 Results

The device was tested on ABP and CBFV data from two 
sources: pre-recorded clinical data and real-time data from a 
human subject. In the first trial dataset, a pre-recorded 
17-min clinical record of radial artery ABP and CBFV data 
was streamed to the device to simulate a real-time recording. 
In the second dataset, 20 min of ABP and CBFV data were 
collected from a volunteer subject using the Spencer TCD 
and Nexfin monitors, streamed in real-time to the device, and 
saved to the SD card along with the computed nICP  estimates. 
The subject was sitting quietly in a chair for the duration of 
the measurement.

The real-time estimation approach was compared to the 
original batch-mode implementation of the estimation algo-
rithm by running both methods on the same data. The real-
time nICP estimates differed from the batch-mode estimates 
by a root-mean-square error (RMSE) of 0.63 mmHg and a 
mean-absolute-percentage error (MAPE) of 2.87% in the 
clinical record (Fig. 2) and by a RMSE of 3.03 mmHg and a 

MAPE of 4.93% in the 20-min trial. The total runtime of the 
real-time nICP estimation procedure was 52 ms/data win-
dow, on average, on a computer with a 2.5 GHz processor. 
The estimation on the embedded device took 410 ms/data 
window, on average, which represents a fraction of a cardiac 
cycle.

 Discussion

In this paper, we present the development of an embedded 
device for estimating ICP through the real-time implementa-
tion of Kashif et al.’s algorithm [3]. The nICP estimates pro-
duced by the real-time implementation on the device are 
comparable to those produced by the original batch-mode 
implementation in MATLAB. Moreover, the device can be 
directly connected to a Nexfin monitor and to a TCD system 
and receive analog data from their respective analog outputs. 
The nICP estimates are displayed on an LCD screen and 
saved on a microSD card. This system represents a working 
proof-of- concept that allows continuous estimation of ICP in 
real time.

Our results show that the real-time nICP estimates dif-
fered from the original batch-mode MATLAB implementa-
tion of the algorithm by 0.63 mmHg. This discrepancy is 
negligible in the clinical context of ICP measurement and is 
largely due to the difference in estimation windows. In the 
batch-mode algorithm, a 60-beat window is slid across the 
archived dataset, advancing the data window one heartbeat at 
a time. In the real-time algorithm, 60 s of data were collected 
and then processed to produce a single nICP estimate. The 
remaining discrepancy is attributed to the heartbeat onset 
detection algorithm, which is run on the entire dataset at 
once in the batch-mode implementation but is run once per 
60-s window in the real-time implementation. Overall, how-
ever, the magnitude of the discrepancies between the batch-
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mode implementation of the nICP algorithm and the real-time 
implementation on the embedded device is clinically irrele-
vant, as it is a fraction of a millimeter of mercury.

 Conclusions

This paper presents a real-time implementation of the Kashif 
algorithm for continuous and noninvasive estimation of ICP. 
The device has been developed by: (1) porting the Kashif 
algorithm to a microprocessor platform and optimizing its 
performance for real-time ABP and CBFV waveform acqui-
sition; (2) developing an embedded device prototype, com-
plete with peripheral interfaces for connection to existing 
TCD and ABP monitoring hardware, and display and record-
ing functionality for clinical use and post-acquisition analy-
sis; and (3) verifying that a real-time windowed approach 
performs comparable to the batch-mode MATLAB imple-
mentation of the Kashif algorithm. These contributions take 
a clear step toward the goal of real-time noninvasive ICP 
estimation at the patient’s bedside in a variety of clinical 
settings.
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Abstract Objectives: We have previously demonstrated a 
relationship between transcranial bioimpedance (TCB) mea-
surements and intracranial pressure (ICP) in an animal model 
of raised ICP. The primary objective of this study was to 
explore the relationship between non-invasive bioelectrical 
impedance measurements of the brain and skull and ICP in 
traumatic brain injury (TBI) patients.

Materials and methods: Included patients were adults 
admitted to the Neurological Intensive Care Unit with TBI 
and undergoing invasive ICP monitoring as part of their rou-
tine clinical care. Multi- frequency TCB measurements were 
performed hourly through bi-temporal electrodes. The bio-
impedance parameters of Zc (impedance at the characteristic 
frequency) and R0 (resistance to a direct current) were then 
modelled against ICP using unadjusted and adjusted linear 
models.

Results: One hundred and sixty-eight TCB measurements 
were available from ten study participants. Using an unad-
justed linear modelling approach, there was no significant 
relationship between measured ICP and Zc or R0. The most 
significant relationship between ICP and TCB parameters was 
found by adjusting for multiple patient specific variables and 
using Zc and R0 normalised per patient (p < 0.0001, r2 = 0.32).

Conclusions: These pilot results confirm some degree of 
relationship between TCB parameters and invasively mea-
sured ICP. The magnitude of this relationship is small and, on 
the basis of the current study, TCB is unlikely to provide a 
clinically useful estimate of ICP in patients admitted with TBI.

Keywords Neurologi cal Intensive Care · Traumatic brain 
injury · Intracranial pressure · Bioimpedance · Mathematical 
modelling

 Introduction

 Background

The Brain Trauma Foundation recommends management of 
patients with severe traumatic brain injury (TBI) using infor-
mation from intracranial pressure (ICP) to reduce in-hospital 
and 2-week post-injury mortality [1]. ICP is typically mea-
sured using invasive pressure monitors that are associated 
with specific complications and can generally only be 
inserted in specialist centres. To provide ICP monitoring to a 
wider clinical population, multiple attempts have been made 
to develop a non-invasive technique. Transcranial bioimped-
ance (TCB) measurement was considered to be a potential 
approach to non-invasive ICP monitoring.

 Fundamentals of Bioelectrical Impedance

Bioimpedance is the ability of biological tissue to impede 
electric current. Techniques are available to measure 
 bioimpedance from all or part of the body using cutaneous 
electrodes in a process known as bioelectrical impedance 
analysis (BIA) [2].
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Bioimpedance is the vector sum of capacitive resistance 
(or reactance) and resistive resistance (simply called resis-
tance). Electric current of low frequency tends to be con-
ducted through the extracellular space when the cell 
membrane acts as an insulator, whereas electric current of 
high frequency is conducted through both the extra- and intra-
cellular spaces. The equation relating the different factors is

 Z R iXc= +  (1)

where Z is overall impedance, R is resistance and iXc is reac-
tance. The magnitude of bioimpedance can be calculated by

 
Z R iXc= +( )2 2

1

2  (2)

Bioimpedance measured using devices capable of deliv-
ering a broad band of frequencies (typically around 
1–1000 kHz) is known as bioelectrical spectroscopy. Under 
these circumstances it is possible to plot the reactance and 
resistance measurements made at each frequency to con-
struct a Cole-Cole plot [3] (Fig. 1).

 Bioimpedance Measurements of the Brain

Application of bioimpedance measurements to the human 
brain is not a new development. Indeed, rheoencephalography 
(REG), or electrical impedance measurement of brain circula-
tion, has been investigated for several decades without transi-
tioning into clinical practice [4]. Several more recent studies 
have investigated intermittent measures of bioimpedance in 
brain pathologies ranging from ischaemic and haemorrhagic 
stroke to intracerebral tumours and hydrocephalus [5–7].

 TCB as a Non-invasive Estimate of ICP

We postulated that TCB measurements made across the skull 
would provide an estimate of ICP in traumatic brain injury 
patients. Bioimpedance measurements are affected by both 
intracellular swelling and the size of the extracellular space. 
These factors are also known to affect cerebral compliance. 
There is a well-defined exponential relationship between 
ICP and intracranial compliance; there may also be a defin-
able relationship between ICP and transcranial bioimped-
ance. In support of this approach, there is experimental 
evidence in a neonatal piglet model of brain tissue hypoxia 
and in a sheep model of raised ICP, showing that TCB param-
eters correlate well with ICP [8, 9]. Therefore, the primary 
objective of this study was to explore the relationship 
between TCB measurements and ICP in TBI patients.

 Materials and Methods

 Study Population and Data Collection

Ethical approval was granted for the study by Scotland A 
Research Ethics Committee (Reference Number: 11/
AL/0320). Study participants were prospectively recruited 
from patients admitted to the Neurological Intensive Care 
Unit at the Institute of Neurological Sciences. Included 
patients were over 16 years of age, admitted with a traumatic 
brain injury and undergoing invasive ICP monitoring as part 
of their routine clinical care.

TCB measurements were performed using the Impedimed 
SFB7 Bio-impedance Spectroscopy Unit (ImpediMed, 
Pinkenba, Queensland, Australia). The device is a single chan-
nel BIA unit that acquires 256 separate measurements between 
4 and 1000 kHz. The cutaneous electrodes were placed in a 
bi-temporal configuration and measurements made hourly. At 
each measurement time point, the device was programmed to 
perform 40 separate TCB recordings over 1 min.

 Data Preprocessing

All data processing and analysis was performed using 
RStudio Version 0.98.1102 running R Version 3.1.2 [10]. 
TCB data was downloaded from the SFB7 device and Cole- 
Cole plots fitted to extract a summary measure for Zc and R0 
at each measurement point. Waveform resolution ICP record-
ings were downloaded from the patient monitoring system 
using iXtrends software [11] and a median ICP for the 5 min 
around each TCB measurement calculated.
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Fig. 1 An example of a fitted Cole-Cole curve from TCB data, where 
R0 represents resistance measured with a direct current, Rinf the resis-
tance measured with an infinitely high frequency alternating current 
and Zc the impedance measured at maximum reactance
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 Statistical Modelling and Analysis

Attempts were made to model ICP using both absolute and 
normalised values of Zc and R0. In the animal studies referred 
to above, Zc had an inverse relationship with ICP, while R0 
had a direct relationship. An unadjusted linear modelling 
approach was first taken to confirm some degree of relation-
ship between TCB and ICP.

An adjusted linear modelling approach was subsequently 
taken to explore which patient specific variables could be 
used to further define the relationship between ICP and Zc or 
R0. Each of the patient variables of gender, age, weight and 
height, along with computed tomography (CT)-derived mea-
surements of soft tissue swelling and brain diameter, as well 
as whole body bioimpedance measurement and temperature, 
were included in linear models. Patient variables that did not 
significantly contribute to the model were sequentially 
removed. The simplified model was then compared against 
the original using analysis of deviance testing to confirm that 
they were not significantly different.

The final modelling approach was to use the Akaike infor-
mation criterion (AIC) in backward stepwise regression to 
select the models with the best balance of goodness of fit and 
low complexity.

 Results

 Patient Demographics

One hundred and sixty-eight TCB measurements were avail-
able from ten patients admitted with TBI. There was one 
female patient and the median age was 51 (29–61) years. The 
primary diagnosis was subdural haematoma, extradural hae-
matoma or contusions in three cases each, with a single case 
of diffuse axonal injury.

 Unadjusted Linear Models

ICP was first plotted against measured Zc and R0 to allow 
visual inspection for any obvious relationship (Fig. 2). Using 
an unadjusted linear modelling approach, there was no sig-
nificant relationship between measured ICP and Zc or R0. 
When Zc and R0 values were normalised for each patient, 
there was a significant relationship between ICP and nor-
malised Zc (p < 0.001), a significant inverse relationship 
between the log of ICP and normalised Zc (p < 0.01) and a 
significant relationship between ICP and normalised R0 
(p < 0.001). The adjusted r2 value for each of these relation-

ships was small (0.09, 0.06 and 0.18 respectively). Attempts 
were therefore made to explore the relationship between ICP 
and TCB parameters by adjusting the linear models for 
patient-specific variables.

 Adjusted Linear Models

Using measured TCB parameters, the simplified adjusted 
model with the greatest r2 value was:

 

ICP

BD WBZ

= +
+ + + + +
a R

a G a W a H a a b
1 0

2 3 4 5 6 c  (3)

where G = gender, W = weight, H = height, BD = brain diam-
eter and WBZc = whole body bioimpedance (p < 0.0001, 
r2 = 0.19, estimates in Table 1).

The simplified adjusted model with the greatest r2 value 
using normalised bioimpedance measurements was:

 

ICP exp

ST WBZ
norm

norm norm

=










+ + + + + +

a
Z

a R a G a a T a b

1

2 3 4 5 6

1

 (4)

where ST = soft tissue thickness and T = temperature 
(p < 0.0001, r2 = 0.32, estimates in Table 2).

 Backward Stepwise Regression

The models selected and their r2 values calculated using a 
backward stepwise regression approach were essentially the 
same as those selected in using the adjusted linear modelling 
approach (Eqs. 3 and 4).

0

10

20

30

Zc (Ohms)

IC
P

 (
m

m
H

g)

0

10

20

30

a

b

0 20 40 60

0 20 40 60

R0 (Ohms)

IC
P

 (
m

m
H

g)

Fig. 2 Plot of ICP against measured Zc (a) and R0 (b) for the entire 
study population

Transcranial Bioimpedance Measurement as a Non-invasive Estimate of Intracranial Pressure



92

 Discussion

TCB has been considered for the early detection of multiple 
brain pathologies [5–7]. Based on the known relationship 
between bioimpedance and the volume of the intracellular 
and extracellular spaces, we investigated the potential use of 
TCB as an estimate of ICP in TBI. Previously published ani-
mal experiments have shown a direct relationship between 
the TCB parameter of R0 and ICP [8] and an indirect rela-
tionship between Zc and the log of ICP [9].

In this study, we used a number of linear modelling 
approaches to explore the relationship between TCB and 
ICP. Using unadjusted linear models, we were unable to 
demonstrate any significant relationship between the mea-
sured values of either Zc or R0 and ICP. When TCB variables 
were normalised per patient (as was done in the previous ani-
mal studies), there was a small but significant relationship. 
When we accounted for a number of patient-specific vari-
ables in both adjusted linear models and backward stepwise 
regression, the relationship between TCB parameters and 
ICP was more statistically significant but not likely to be of 
clinically significant value.

Limitations of this study included the relatively small 
number of patients with an associated small number of 
extreme ICP values. Even allowing for this concern, how-
ever, within each individual patient’s results there was no 
clear trending of TCB values with ICP. It could be argued 
that TBI patients were not the best patient population to 
explore the relationship between TCB and ICP. From a prac-

tical point of view, the associated soft tissue injuries made 
cutaneous electrode contact difficult. In addition, the very 
mixed nature of the underlying pathological processes is 
likely to have complicated the modelling task.

 Conclusion

These pilot results confirm some degree of relationship 
between TCB parameters and invasively measured ICP. The 
magnitude of this relationship is small and, on the basis of 
the current study, TCB is unlikely to provide a clinically use-
ful estimate of ICP in patients admitted with TBI.
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Table 1 Estimates for model shown in Eq. 1

Estimate Standard error p value

a1 0.20 0.04 <0.0001

a2 −5.68 0.92 <0.0001

a3 0.08 0.03 <0.05

a4 0.28 0.06 <0.0001

a5 −0.41 0.12 <0.001

a6 −0.02 0.004 <0.0001

b 15.03 10.10 0.14

Table 2 Estimates for model shown in Eq. 2

Estimate Standard error p value

a1 2.92 0.94 <0.01

a2 9.60 1.77 <0.0001

a3 −3.81 0.80 <0.0001

a4 0.13 0.03 <0.0001

a5 0.90 0.31 <0.01

a6 12.12 5.02 <0.05

b −48.50 13.17 <0.001
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Abstract Objective: High-frequency pulsed electromagnetic 
field (PEMF) stimulation is an emerging noninvasive therapy 
that we have shown increases cerebral blood flow (CBF) and 
tissue oxygenation in the healthy rat brain. In this work, we 
tested the effect of PEMF on the brain at high intracranial 
pressure (ICP). We previously showed that high ICP in rats 
caused a transition from capillary (CAP) to non-nutritive 
microvascular shunt (MVS) flow, tissue hypoxia and 
increased blood brain barrier (BBB) permeability.

Methods: Using in vivo two-photon laser scanning 
microscopy (2PLSM) over the rat parietal cortex, and  studied 
the effects of PEMF on microvascular blood flow velocity, 
tissue oxygenation (NADH autofluorescence), BBB perme-
ability and neuronal necrosis during 4 h of elevated ICP to 
30 mmHg.

Results: PEMF significantly dilated arterioles, increased 
capillary blood flow velocity and reduced MVS/capillary 
ratio compared to sham-treated animals. These effects led to 
a significant decrease in tissue hypoxia, BBB degradation 
and neuronal necrosis.

Conclusions: PEMF attenuates high ICP-induced patho-
logical microcirculatory changes, tissue hypoxia, BBB deg-
radation and neuronal necrosis.

Keywords Cerebral blood flow · High intracranial pressure 
· Microvascular shunts · Pulsed electromagnetic field · Rats

 Introduction

High intracranial pressure (ICP) is a serious consequence of 
severe brain injury that often leads to cerebral ischemia, 
cerebral edema, tissue compression, herniation, restriction 
of blood supply to the entire brain, and, finally, brain death. 
Current treatment paradigms for high ICP are initiated in 
tiers, each focused on reducing ICP to prevent secondary 
injury without clinically proven neuroprotective strategies. 
High-frequency pulsed electromagnetic field (PEMF) stim-
ulation is an emerging noninvasive therapy that induces 
small electrical currents in tissue. PEMF has an anti-inflam-
matory effect in the traumatized brain and has been sug-
gested as an adjunctive treatment in brain disorders [1]. We 
recently demonstrated that PEMF exposure in the healthy 
rat brain induces vasodilation, increases microvascular 
blood flow velocity and tissue oxygenation [2]. In previous 
works we also showed – to our knowledge for the first 
time – that high ICP in a rat brain induces a transition from 
low-velocity capillary flow to high velocity non-nutritive 
microvascular shunt flow (MVS) resulting in tissue hypoxia, 
brain edema, blood brain barrier damage and neuronal death 
[3, 4]. Here, we determined whether PEMF could mitigate 
pathological consequences caused by non-nutritive MVS 
flow induced by high ICP.

 Materials and Methods

The institutional animal care and use committee of the 
University of New Mexico Health Sciences Center approved 
the protocol for these studies, which were conducted accord-
ing to the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals. Most of the procedures used 
in this study have been previously described [2, 3].
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 Experimental Paradigm

Using in vivo two-photon laser scanning microscopy 
(2PLSM) over the rat parietal cortex, we studied the effects 
of PEMF on microvascular red blood cell flow velocity visu-
alized by serum labeled with tetra-methylrhodamine dextran 
(TMR), tissue oxygenation (NADH autofluorescence), BBB 
permeability (TMR extravasation) and neuronal necrosis 
(i.v. propidium iodide) during 4 h of elevated ICP. ICP and 
arterial pressure, rectal and cranial temperatures, blood gases 
and electrolytes were monitored. After baseline imaging at 
normal ICP (10 mmHg), rats were subjected to high ICP 
(30 mmHg) by raising an artificial cerebrospinal fluid reser-
voir connected to a catheter in the cisterna magna. At ICP of 
30 mmHg, PEMF was applied for 30 min using the SofPulse 
device and imaging continuously performed for up to 4 h 
after the treatment (ten rats). The PEMF signal was a 27.12- 
MHz carrier modulated by a 3-ms burst repeating at 5 Hz. 
The signal amplitude was adjusted to provide 6 ± 1 V/m 
within the rat brain. Controls were treated with sham PEMF 
(ten rats).

 Surgery

Acclimated Sprague–Dawley male rats (Harlan Laboratories, 
Indianapolis, IN, USA), weighing between 300 and 350 g, 
were intubated and mechanically ventilated on 2% isoflu-
rane/30% oxygen/70% nitrous oxide. Rectal and temporal 
muscle temperature thermistors were inserted. Femoral 
venous and arterial catheters were inserted for injections, 
arterial pressure monitoring, and blood sampling. A catheter 
was inserted into the cisterna magna for ICP monitoring and 
manipulation. For imaging, a craniotomy 5 mm in diameter 
was made over the left parietal cortex, filled with 2% aga-
rose/saline, and sealed with a cover glass.

 Microscopy

An Olympus BX51WI upright microscope and a water- 
immersion LUMPlan FL/IR 20×/0.50 W objective were used. 
Excitation (740 nm) was provided by a Prairie View Ultima 
multiphoton 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). Blood 
plasma was labeled by i.v. injection of tetramethylrhodamine 
isothiocyanate dextran (155 kDa) in physiological saline 
(5% w/v). All microvessels in an imaging volume 
(500 × 500 × 300 μm) were scanned at each study point, 

 measuring the diameter and blood flow velocity in each vessel 
(3–20 μm diameter). Tetramethylrhodamine fluorescence was 
band pass filtered at 560–600 nm and NADH autofluorescence 
at 425–475 nm. Imaging data processing and analysis were 
carried out using the NIH ImageJ processing package.

 Statistical Analyses

Statistical analyses were carried out using Student’s t-test or 
the Kolmogorov–Smirnov test where appropriate. 
Differences between groups were determined using two-way 
analysis of variance (ANOVA) for multiple comparisons and 
post hoc testing using the Mann–Whitney U test. The statisti-
cal significance level was set at p < 0.05. Data are presented 
as mean ± SEM.

 Results

As in our previous studies, increased ICP to 30 mmHg in the 
sham-stimulated group caused a redistribution of blood flow 
from normal capillary flow to MVS flow with an increase in 
the MVS/CAP ratio from 0.43 ± 0.04 to 0.94 ± 0.08, 
p < 0.001 from baseline (Fig. 1b). The flow velocities of red 
blood cells in capillaries decreased to 74.2 ± 13.8%, p < 0.05 
from baseline (Fig. 1a). Pathological changes in cerebral 
microcirculation led to reduction of tissue oxygenation as 
reflected by increase in NADH autofluorescence to 
129.1 ± 11.2%, p < 0.01 from baseline, and BBB damage as 
reflected by increase of perivascular fluorescence due TMR 
extravasation to 158.2 ± 16.3%, p < 0.001 (Fig. 1c). At the 
end of monitoring, 4 h after ICP increase, 26.1 ± 6.2% of 
neurons died by necrotic mechanism, as reflected by prop-
idium iodide fluorescence in neuronal nuclei, p < 0.001 
(Fig. 1c); i.v. injected propidium iodide becomes fluorescent 
after binding to nucleic acids, but as a cell-membrane- 
impermeable molecule, it labels only necrotic cells with 
damaged membranes [5].

PEMF treatment dilated arterioles by 4.5 ± 3.2%, p < 0.05 
from the sham-treated group. The increased blood volume 
perfused through arterioles elevated blood flow velocities in 
capillaries to 86.8 ± 13.2%, p < 0.05 (Fig. 1a). As a result, 
MVS/CAP ratio was lower than in the sham-treated group 
(0.78 ± 0.06, p < 0.05, Fig. 1b). These were associated with 
decreased tissue hypoxia as reflected by a lower NADH 
autofluorescence (118.3 ± 8.4%, p < 0.05) and decreased 
BBB permeability as reflected by reduced dye extravasation 
(121.1 ± 14.2%, p < 0.01c). PEMF reduced neuronal necro-
sis to 15.2 ± 3.6%, p < 0.05 compared with the sham-treated 
group (Fig. 1c).
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 Discussion

Our results show that PEMF reduces tissue hypoxia, BBB 
degradation and neuronal necrosis at high ICP by increasing 
cerebral microvascular perfusion via reducing MVS flow, 
increasing flow through capillaries as a result of dilatation of 
arterioles, which we have shown occurs by a nitric oxide- 
dependent mechanism [1].

 Conclusion

PEMF attenuates high ICP-induced pathological microcircula-
tory changes, tissue hypoxia, BBB degradation and neuronal 
necrosis and has potential as an effective therapy for high ICP.
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Abstract Objective: The objective is enhanced ophthalmic 
ultrasound imaging to monitor ocular structure and intracra-
nial dynamics changes related to visual impairment and 
intracranial pressure (ICP) induced by microgravity. The 
goals are to improve the ease of use and reduce operator vari-
ability by automatically rendering improved views of the 
anatomy and deriving new metrics of the morphology and 
dynamics.

Materials and methods: A prototype three-dimensional 
(3-D) probe was integrated onto a portable ultrasound scan-
ner. Image analysis algorithms were developed to automati-
cally detect the ocular anatomy and simultaneously render 
views of the optic nerve with improved sheath definition. 
Curvature metrics were calculated from 3-D retinal surfaces 
to quantify posterior globe flattening, and tissue velocity 
waveforms of the optic nerve were analyzed to assess intra-
cranial dynamics.

Results: New 3-D structural measurements were evalu-
ated in a head-down tilt study. The response of optic nerve 
sheath and globe flattening metrics were quantified in 11 
healthy volunteers from baseline to moderately elevated 
ICP. The optic nerve measurements showed good correlation 
with existing two-dimensional (2-D) methods and an acute 
response to increased ICP, while globe flattening did not 
show an acute response. The tissue velocities were evaluated 
in a porcine model from baseline to significantly elevated ICP 
and correlated with invasive ICP readings in four animals.

Conclusions: Volumetric ophthalmic imaging was dem-
onstrated on a portable ultrasound system and structural 
measurements validated with existing methods. New 3-D 
structural measurements and dynamic measurements were 

evaluation during in vivo studies. Further investigations are 
needed to evaluate improvements in performance for non-
experts and application to clinically relevant conditions.

Keywords Volumetric (3-D) ultrasound · Intracranial pres-
sure · NASA · Ultrasound image analysis · Optic nerve sheath 
diameter · Ocular globe flattening · Intracranial dynamics

 Introduction

Astronauts have recently experienced visual changes during 
missions, with inflight and post-flight examinations reveal-
ing ocular structural changes [1], and several crew members 
have exhibited mild elevation in cerebrospinal fluid (CSF) 
opening pressure. These changes are believed to be the result 
of systemic and extraocular processes including elevated 
intracranial pressure (ICP). Further research is needed to 
understand the role ICP plays in, and to identify countermea-
sures to, visual impairment resulting from chronic exposure 
to microgravity.

Direct methods for monitoring ICP clinically are invasive 
and complicated, making them impractical for routine use in 
space medicine. Emerging non-invasive technologies are 
being evaluated that meet the size, mass, and power require-
ments for space. Several imaging modalities are currently 
used operationally and for research on the International 
Space Station (ISS) to monitor ocular health [1]. Fundoscopy 
and optical coherence tomography allow examination of the 
retina and choroid for evidence of disc edema, choroidal 
folds, and cotton-wool spots. Ultrasound allows examination 
of deeper structures for evidence of optic nerve sheath dis-
tension and globe flattening. Ophthalmic ultrasound has 
been used on the ISS for several years to allow crew  members 
to perform inflight measurements with ground guidance [2], 
including routine optic nerve sheath diameter (ONSD) mea-
surements for assessing ICP [3].

Volumetric Ophthalmic Ultrasound for Inflight Monitoring 
of Visual Impairment and Intracranial Pressure

Aaron Dentinger, Michael MacDonald, Douglas Ebert, Kathleen Garcia, and Ashot Sargsyan

A. Dentinger (*) • M. MacDonald 
GE Global Research, Niskayuna, NY, USA
e-mail: dentinge@ge.com 

D. Ebert • K. Garcia • A. Sargsyan 
Wyle Science, Technology and Engineering Gr,  
Houston, TX, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-65798-1_21&domain=pdf
mailto:dentinge@ge.com


98

Three-dimensional (3-D) ultrasound and automatic image 
analysis have the potential to improve the ease of use and 
accuracy of ocular ultrasound for non-experts and provide 
operator-independent volumetric imaging of the full ocular 
anatomy with minimal crew time and ground guidance. For 
long-duration missions beyond low-earth orbit, operator 
independence and autonomous operation become essential. 
Ground-based assessment of ICP at the point of care share 
similar challenges and can benefit from these innovations.

 Materials and Methods

A prototype mechanical 3-D ultrasound probe was integrated 
on the ISS portable ultrasound platform (GE Vivid q; GE 
Healthcare, Milwaukee, WI). The prototype probe had a 

small footprint with a 20-mm width in 2-D imaging mode 
and operated at transmission frequencies between 8 and 
12 MHz for ocular imaging through a closed eyelid. A cus-
tom external motor control unit was fabricated to enable 3-D 
imaging with the ISS platform by sweeping the linear ultra-
sound transducer array in the prototype 3-D probe through 
an angle of 60°. The 3-D acquisition hardware is shown in 
Fig. 1.

The ultrasound image sequences from the swept acquisi-
tions were saved as DICOM files and exported for off-line 
3-D reconstruction and analysis. Image analysis algorithms 
were developed to automatically detect ocular anatomy from 
the 3-D ultrasound data corresponding to the retinal-vitreous 
boundary and optic nerve centerline [4, 5]. These anatomical 
landmarks were then used to simultaneously generate multi- 
planar reconstructions (MPRs) of standard longitudinal 
views of the optic nerve in both axial and sagittal orienta-

Prototype 3D 
Ultrasound Probe

Vivid q Portable 
Ultrasound System
(Current ISS Hardware)

Motor Controller

Image Enhancement

Axial Sagittal

Retinal Boundary

Optic Nerve Centerline

Axial Sagittal

Multi-Planar Reconstruction

Axial Long-Axis Sagittal Long-Axis

Short-Axis

Anatomy Detection

3-D Acquisition Hardware 3-D Image Reconstruction Automated Image Analysis

Simultaneous Views
of the Ocular

Anatomy

3-D Rendering of
Retinal Boundary

Short-Axis
Image Plane

Long-Axis
Image Plane

Anterior
Chamber

Lens

Vitreous
Body

Optic
Nerve

Optic
Nerve
Sheath

Fig. 1 Three-dimensional ophthalmic ultrasound imaging components: 
3-D Acquisition Hardware including a portable ultrasound system, pro-
totype 3-D probe, and motor control unit; Multi-planar Reconstruction 
of ocular anatomy in long-axis and short-axis views simultaneously; 

Automated Image Analysis to segment retinal boundary (indicated by 
white triangles), detect optic nerve centerline (indicated by white tri-
angles), and enhance image contrast from 3-D ultrasound data
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tions, as well as new cross-sectional views. Volume contrast 
imaging techniques were used to enhance the MPRs and 
improve the contrast of the optic nerve sheath. Examples of 
the optic nerve views rendered from a single 3-D data set are 
shown in Fig. 1, along with the results of the image analysis 
and enhancement.

Several quantitative structural measures were extracted 
from the 3-D ultrasound data. First, the MPRs were con-
verted to new DICOM files, allowing manual measurements 
by a reviewer on a clinical review workstation (GE 
EchoPAC; GE Healthcare, Milwaukee, WI). This included 
traditional caliper measurements of the optic nerve diameter 
(OND) and ONSD in long-axis views, as well as the optic 
nerve area in short-axis views. Secondly, a new 3-D mea-
sure of globe flattening was developed through analysis of 
the retinal boundary. An ellipsoid was fit to a subset of reti-
nal surface points as an indication of the average morphol-
ogy of the posterior globe, and a single quantitative metric 
calculated from the mean curvature (average of the mini-
mum and maximum curvature) at the point of intersection of 
the optic nerve.

Since the optic nerve is surrounded by CSF, the motion 
of the optic nerve has the potential to provide information 
about the intracranial dynamics. Due to the fixed volume of 
the skull, the pulsatility in the arterial blood flow is trans-
ferred to the brain, including the CSF, with increased intra-
cranial pulsatility attributed to reduced intracranial 
compliance [6]. Ultrasound tissue Doppler imaging was 
used to detect small movement of the tissue around the optic 
nerve in response to pulsating arterial blood flow. The raw 
ultrasound data were acquired in a long-axis optic nerve 
view and the tissue velocity in regions lateral and anterior to 
the optic nerve were averaged. Temporal waveforms of the 
average velocity over several cardiac cycles were analyzed 
and the amplitude of the periodic component at the heart 
rate was estimated.

The 3-D acquisition, image analysis, and metrics were 
evaluated via in vivo human and animal studies. The first 
study utilized head-down tilt (HDT) at several angles to 
induce mild increases in the ICP from hydrostatic pressure 
changes. Both 2-D and 3-D ophthalmic ultrasound data were 
collected bilaterally on 11 healthy volunteers at five body 
postures (seated, supine, 6°, 15°, and 30° HDT) with a 5-min 
baseline seated period prior to and 5-min equilibrium period 
after each new body position. The human subjects study was 
conducted under approval from NASA’s Institutional Review 
Board, and informed consent was obtained from each subject 
prior to data collection.

In the second study, five adult Yorkshire pigs were anes-
thetized, intubated, and ventilated. The ICP was increased by 
infusing normal saline through an intra-parenchymal infu-
sion catheter and ICP adjusted by the height of a saline fluid 
column. The ICP was increased from a baseline state 
(10 mmHg) to a significantly elevated state (40 mmHg) and 
back to baseline. ECG, arterial blood pressure, and ICP 
through a burr hole were continuously monitored throughout 
the experiments. Three-dimensional and tissue Doppler 
ultrasound were acquired bilaterally at each ICP level. The 
animal study was conducted under approval from the 
Institutional Animal Care and Use Committee at the 
University of Texas Medical Branch.

 Results

The 3-D acquisition and reconstruction were validated by 
comparison to current 2-D imaging techniques used for 
inflight examination on the ISS. The new 3-D ultrasound 
acquisition showed a high correlation (r = 0.94) with the 
2-D acquisitions for OND and ONSD measurements taken 
in both the axial and sagittal planes on healthy 
volunteers.

The results of the ONSD and globe flattening measure-
ments (mean ± standard error) for the HDT study with 
healthy volunteers are shown in the bar graphs in Fig. 2. 
The response for the group showed the expected non-linear 
increase in ONSD with HDT angle, while the individual 
responses shown by the line plots in Fig. 2 highlighted sig-
nificant individual variations. The mean curvature plotted 
in Fig. 2 is proportional to the reciprocal of the radius of 
curvature; thus, a decrease in curvature corresponds to 
increased flattening of the retinal surface. For the acute 
HDT study, no significant change was observed in globe 
flattening.

The results of the tissue Doppler measurements for the 
elevated ICP animal study are shown in Fig. 2. The ampli-
tude of the periodic tissue motion increased and then 
decreased with ICP. The trends in the physiological data for 
one animal are also shown in Fig. 2. The physiological plots 
correspond to the pulse pressure in the arterial blood pres-
sure (ABP) and the ICP along with the respiratory variation 
of the mean pressures. The ABP pulse pressure remains 
nearly constant with ICP, while the ICP pulse pressure 
increased with ICP. The respiratory variation increased and 
then decreased for both ABP and ICP.
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 Discussion

Volumetric ultrasound has the potential to improve the ease 
of use of ultrasound for ONSD measurements by reducing 
scan times and operator dependence and allowing image 
findings, like those from other modalities [1], to be acquired 
inflight and at the point-of-care. Automatic post-processing 
of the 3-D data has the potential to improve the accuracy of 
ONSD measurements for novice and experienced reviewers 
by improving image quality and increasing confidence by 
providing multiple views.

Although the ONSD response to acutely elevated ICP 
was readily observable, individual variation in the response 
to ICP still proves to be a challenge for conversion of the 
ONSD measurements to an absolute pressure without indi-
vidualized calibration. Although globe flattening changes 
were not seen in the acute HDT experiment, 3-D retinal cur-
vature still has the potential to provide quantitative and 
objective measures independent of probe position but will 
require further testing in a chronic study. Additional local 
curvature, as reported by Alperin et al. [7], can also be 
extracted from analysis of the retinal boundary to further 
characterize structural changes.

Tissue Doppler and the periodic motion correlated with 
heart rate for intracranial dynamics assessment is an 
intriguing new measure provided by ultrasound that 
requires additional research to understand both the source 
of the pulsatile motion and explained the relationship to 
absolute ICP, ICP pulse pressure, and intracranial 
compliance.

One potential clinical application is non-invasive ICP 
assessment of traumatic brain injury patients, such as for 
identifying primary injuries or preventing secondary inju-
ries. Volume scanning with a portable ultrasound system 
provides the opportunity for frequent, point-of-care assess-
ment of ocular changes, eliminating the need to transport 
patients to an imaging suite for scanning by an expert 
sonographer and allowing triage of patients in a timely 
fashion.

 Conclusion

Volumetric and tissue Doppler ultrasound provides addi-
tional information to enhance point-of-care assessment of 
elevated ICP through analysis of ocular structures and 
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Fig. 2 In vivo evaluation of 3-D ultrasound acquisition and image anal-
ysis algorithms including optic nerve sheath diameter and globe curva-
ture measurements during a head-down tilt (HDT) subject study in 

healthy volunteers and ultrasound tissue velocity measurements during 
an elevated ICP animal study with comparison to arterial blood pressure 
and ICP pulse pressures
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dynamics. The 3-D information enables multiple longitu-
dinal views and new cross-sectional views of the optic 
nerve anatomy to be generated from a single 3-D ultra-
sound acquisition. Additionally, 3-D image processing 
allows the contrast between the optic nerve sheath and sur-
rounding orbital fat to be enhanced without apparent loss 
of the spatial resolution and new quantitative 3-D struc-
tural metrics of the optic nerve sheath and posterior globe 
curvature to be extracted. Lastly, ultrasound Doppler tech-
niques applied to the tissue near the optic nerve and head 
demonstrated the ability to detect small periodic displace-
ments of the tissue at the heart rate and the variation in the 
amplitude of these signals with ICP were quantified in a 
porcine model.
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Abstract  Objectives: Evoked tympanic membrane dis-
placement (TMD) measurements, quantified by Vm, record 
small volume changes in the ear canal following stimulation 
of the acoustic reflex. Vm shows a correlation with intracra-
nial pressure (ICP) and has been proposed as an option to 
non-invasively measure ICP. The spontaneous pulsing of the 
tympanic membrane, driven by the cardiovascular pulse, 
may contaminate the recordings and contribute to high mea-
surement variability in some subjects. This study hypothe-
sised that the larger the spontaneous vascular pulse, the 
larger the variability in Vm.

 Materials and methods: Spontaneous and evoked TMD 
data from each ear in the sitting and supine position were 
recorded from 100 healthy volunteers using the MMS-14 
CCFP analyser. ECG was also recorded to identify each 
heartbeat. Using bespoke software written in Matlab, sponta-
neous data were analysed to produce average pulse ampli-
tude (PA) waveforms and evoked data were analysed to 
calculate average Vm and its standard deviation. Averaged 
spontaneous PA was plotted against Vm variability and 
Pearson’s correlation coefficient was calculated to test for a 
significant linear relationship.

Results: There was a strong positive correlation between 
PA and Vm variability in all conditions: left sitting, r = 0.758; 
left supine, r = 0.665; right sitting, r = 0.755; right supine, 
r = 0.513. All were significant at p < 0.001.

Conclusion: This study shows that large Vm variability is 
associated with a large spontaneous vascular pulse. This sug-
gests that efforts to reduce vascular pulsing from recordings, 
either by a subtraction technique during post-processing or 
ECG- gating of the evoking stimulus, may improve reliability 
of the Vm measurement.

Keywords Tympanic membrane displacement · Vm · Non-
invasive · Vascular pulse · Intracranial pressure

 Introduction

Measurement of intracranial pressure (ICP) has a vital role in the 
monitoring, diagnosis and treatment of patients with elevated 
ICP [1]. Clinically, ICP is measured either through lumbar punc-
ture or by inserting an intracranial catheter [1, 2]. These methods 
are invasive and have associated complications, such as infec-
tion and haemorrhage [2]. Tympanic membrane displacement 
(TMD) is a non-invasive option [3] that utilises the anatomical 
connection provided by the cochlear aqueduct (CA) between the 
perilymph of the scala tympani in the cochlea and the cerebro-
spinal fluid (CSF) within the subarachnoid space [3, 4].

TMD measures air volume changes in the ear canal caused 
by movements of the tympanic membrane (TM) [3]. Evoked 
measurements record TMD during the acoustic reflex (AR); 
defined as stapedius muscle contraction in response to a loud 
sound stimulus [3]. When the stapedius contracts, the stapes is 
pulled medially, the ossicles are compressed and the TM is 
displaced from its initial position [5]. The position of the oval 
window of the cochlea, upon which the stapes footplate rests, 
is influenced by the perilymphatic pressure within the scala 
tympani [4, 5]. If the CA is patent, then perilymphatic pressure 
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is equal to CSF pressure, which is estimated by measuring the 
amplitude and direction of the TMD response [4, 5].

Evoked TMD responses are quantified in terms of Vm [4], 
defined as the mean volume displacement between the point 
of maximum inward displacement (Vi) and stimulus offset. 
This is shown in Fig. 1, where A represents Vi (−20.8 nL in 
this example) and B represents the value at the time of stimu-
lus offset (0.3 s, 278 nL). The mean volume displacement 
between A and B represents Vm, calculated here as 152 nL.

Spontaneous TMD measures the volume changes in the 
ear canal induced by the pulsing of the TM, influenced by the 
cardiovascular pulse and respiration [3]. The spontaneous 
TMD response is quantified in terms of pulse amplitude and 
is believed to represent the pulsing of ICP [3].

Evoked TMD is used to provide an estimate of baseline 
ICP, whether it is low, high or normal [5, 6]. Due to individual 
variability in evoked TMD measurements, comparisons of Vm 
values between healthy individuals and patients may be diffi-
cult. A larger vascular pulse may lead to more variability in Vm 
measurements [7], and therefore this study investigated the 
correlation between the vascular pulse amplitude and variabil-
ity in Vm. A strong correlation would suggest that developing 
a method to reduce the influence of the vascular pulse on 
evoked TMD recordings would be worthwhile.

 Materials and Methods

 Data Collection

Data from 100 healthy adult participants, including 59 women 
and 41 men, aged 20–80 (mean age 43.6 years) was extracted 
from an ongoing study aiming to quantify reference intervals 

for TMD values in the healthy population. This study was 
approved by a NHS research ethics committee.

Participants were carefully screened to rule out any oto-
logical and neurological pathology by means of otoscopy, 
tympanometry, AR threshold (ART) testing and a health 
screen questionnaire. For tympanometry, inclusion criteria 
consisted of a middle ear pressure between −50 daPa and 
+50 daPa and a middle ear compliance of between 0.3 ml 
and 1.5 ml. Maximum ART for inclusion was 95 dB. Sound 
stimuli were presented at +20 dB above ART or +15 dB 
above ART for ARTs of 95 dB.

The MMS-14 (Marchbanks Measurement Systems) 
Cerebral and Cochlear Fluid Pressure (CCFP) Analyser was 
used to measure spontaneous and evoked TMD data for each 
participant, in each ear (if possible), both sitting and supine. 
A three-lead ECG was recorded during the measurements to 
give timing information for each heartbeat. All signals were 
recorded at 250 Hz using ICM+ software [8].

Each participant had at least five runs of spontaneous 
TMD data, 20 s in duration, recorded in each condition. Two 
sets of ten evoked TMD recordings in each condition were 
also recorded. Each evoked measurement was obtained by 
recording the response of the TM to a 1 kHz tone of 0.3 s 
duration over a 1 s window.

 Calculating Pulse Amplitude and Vm 
Variability

To determine the spontaneous pulse amplitude, each 20 s run 
of TMD data was analysed using bespoke software written in 
Matlab [9]. The ECG waveform was used to identify the time 
of each heartbeat, and the corresponding TMD pulse ampli-
tude was determined as the maximum-minimum TMD value. 
PA was then calculated as the mean of all recorded pulses. 
This was determined for each participant, in each ear and in 
each position. Vm was measured for each of the 20 individual 
evoked TMD recordings and the Vm variability recorded as 
the standard deviation of these in each condition.

 Statistical Analysis

To assess whether Vm variability increases as PA increases, 
Pearson’s correlation coefficient was calculated to test for a 
significant linear relationship between mean PA and Vm vari-
ability in each condition. All statistical tests were performed 
using IBM SPSS Statistics version 22 [10].

 Results

There was a strong positive correlation between PA and Vm 
variability in all conditions, as shown in Fig. 2, demonstrat-
ing that as PA increases, Vm variability also increases. Table 1 
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Table 1 Results from correlation analysis between averaged spontaneous PA and Vm variability for each of the four conditions

Pearson correlation 
coefficient (r) Bootstrap CI p Mean PA (nL) Mean Vm SD

Left sitting 0.758 0.585, 0.880 <0.001 335.456 111.961

Right sitting 0.755 0.529, 0.890 <0.001 295.461 105.703

Left supine 0.665 0.531, 0.796 <0.001 362.451 117.840

Right supine 0.513 0.426, 0.879 <0.001 361.215 123.028

shows the statistical results of the correlations, as well as 
mean PA and standard deviation (SD) for Vm.

Discussion

Baseline ICP can be estimated from the evoked TMD 
response; however, the continuous spontaneous pulsing of 
the TM, driven predominantly by the cardiovascular pulse, 

might contaminate the recording. This study has shown that 
the larger the vascular pulse, as measured from the sponta-
neous TMD waveform, the larger the observed variability 
in the evoked TMD response (Vm). This suggests that efforts 
to reduce the artefact introduced by the vascular pulse will 
improve Vm variability and give a more reliable measure of 
Vm. One possible method for achieving this could be to use 
a post-processing vascular subtraction technique, which 
would involve subtracting the average PA template from 

Variability of evoked Tympanic Membrane Displacement (Vm)
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the evoked TMD waveform. Another technique could be 
ECG-gating of the evoking stimulus, whereby the MMS-14 
CCFP analyser would only initiate a sound stimulus when 
the heart is detected to be in diastole. However, this method 
would be more complicated and time-consuming.

The influence of respiration on spontaneous TMD was not 
accounted for in this study; however, the respiratory wave may 
also influence the variability of the reflex response [3]. Given 
that it is both lower in frequency and generally of smaller 
amplitude than the vascular pulse (in healthy participants), we 
would expect the respiratory wave to produce a lower level of 
artefact onto TMD recordings [3]. Nonetheless, retrospective 
analysis of one participant’s data showed that the spontaneous 
TMD waveform was dominated by the respiratory wave. This 
may help to explain why this particular participant’s Vm vari-
ability was much larger than would be predicted from their 
cardiovascular PA (indicated by the arrow in Fig. 2). Further 
investigation of the effect of respiration on TMD recordings is 
needed and should include differences in respiratory wave PA 
with posture.

 Conclusion

This study has shown that as the amplitude of the vascular 
pulse increases, the variability in evoked TMD measurements 
(Vm) also increases. Therefore, efforts to reduce the influence 
of the vascular pulse on evoked recordings are likely to make 
TMD a more reliable non-invasive measure of ICP.
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Abstract Objective: We aimed to compare the invasive 
(iICP) and a non- invasive intracranial pressure (nICP) moni-
toring methods in patients with traumatic brain injury, based 
on the similarities of the signals' power spectral densities.

Materials and methods: We recorded the intracranial 
pressure of seven patients with traumatic brain injury admit-
ted to Hospital São João, Portugal, using two different meth-
ods: a standard intraparenchymal (iICP) and a new nICP 
method based on mechanical extensometers. The similarity 
between the two monitoring signals was inferred from the 
Euclidean distance between the non-linear projection in a 
lower dimensional space (ISOMAP) of the windowed power 
spectral densities of the respective signals. About 337 h of 
acquisitions were used out of a total of 608 h. The only data 
exclusion criterion was the absence of any of the signals of 
interest.

Results: The averaged distance between iICP and nICP, 
and between arterial blood pressure (ABP) and nICP projec-
tions in the embedded space are statistically different for all 
seven patients analysed (Mann-Whitney U, p < 0.05).

Conclusions: The similarity between the iICP and nICP 
monitoring methods was higher than the similarity between 

the nICP and the recordings of the radial ABP for all seven 
patients. Despite the possible differences between the shape 
of the ABP waveform at radial and parietal arteries, the 
results indicate—based on the similarities of iICP and nICP 
as functions of time—that the nICP method can be applied as 
an alternative method for ICP monitoring.

Keywords Non-invasive · Intracranial pressure · Arterial 
blood pressure · Dimensionality reduction · Fourier transform

 Introduction

Intracranial pressure (ICP) is usually monitored via the 
insertion of a catheter and pressure transducer into the sub-
dural, epidural, subarachnoid, intraventricular or intraparen-
chymal spaces [1]. Potential disadvantages of these methods 
are the risk of bleeding and infection, calibration problems 
and obstructions, operation restricted to a neurosurgical 
environment and high associated cost. In view of these 
downsides, there have been several initiatives to develop 
non-invasive methods to continuously monitor ICP [2–5]. 
We present here the application of a new non-invasive ICP 
(nICP) monitoring method based on mechanical 
extensometers.

The new non-invasive monitoring method consists of a 
strain gauge (mechanical extensometer) fixed on a mechani-
cal device that touches the scalp in the parietal region lateral 
to the sagittal suture. The non-invasive sensor is able to detect 
small skull deformations resulting from changes in ICP. In the 
current state of development, this method does not yet yield 
pressure values calibrated in millimetres of mercury, but can 
deliver continuous information about the ICP waveform.

The ICP waveform is directly related to cerebral compli-
ance. The cardiac component of ICP typically comprises 
three peaks: P1, associated with the systolic blood pressure 
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wave transferred by the choroid plexus to the cerebrospinal 
fluid; P2, associated with the reflection of systolic wave into 
the parenchymal tissue; P3, related to the closure of the aor-
tic valve. By observing only the relative amplitude of peaks 
P1, P2 and P3, it is possible to obtain relevant clinical infor-
mation. For example, an increase of the amplitude of the 
three peaks indicates an increase of the mean ICP. A reduc-
tion in the P1 amplitude suggests loss of cerebral perfusion, 
and an increase in P2, loss of brain compliance. Fusion of the 
peaks P1, P2 and P3 associated with a high mean amplitude 
may indicate that the autoregulation of the cerebrovascular 
system is not properly functioning [6–10].

In this study, we compare the waveforms of standard inva-
sive ICP (iICP) and nICP in a lower dimensional space con-
structed based on signals in the frequency domain. Our goal 
was to verify the similarities between the two ICP wave-
forms—invasive and non-invasive—and the radial arterial 
blood pressure (ABP) along all recording time, without hav-
ing to look at high dimensional signals directly. In a lower 
dimensional space, we can see when and how the non- 
invasive method waveform follows the invasive method as a 
function of time as changes in ICP occurred.

The comparison between invasive and non-invasive ICP 
waveforms aim to validate the non-invasive method as an 
alternative to invasive measurements in situations where the 
waveform can give additional clinical information. We also 
compared the nICP with arterial ABP waveforms to verify 
the possible influence of the peripheral circulation into the 
nICP signal, which is one of the possible limitations of the 
present method.

 Materials and Methods

The non-invasive sensor consists of a support for a sensor bar 
for the detection of local skull bone deformations, adapted 
with extensometers. Detection of these deformations is 
obtained by a cantilever bar modelled by finite elements cal-
culations. To this bar, strain gauges are attached for strain 
detection. Non-invasive contact with the skull is obtained by 
adequate pressure directly on the scalp by a pin. Changes in 
ICP cause deformations in the skull bone detected by the 
sensor bar. Variations in ICP lead to deformations in the bar, 
which are captured by the strain sensors. The equipment fil-
ters, amplifies and digitalises the signal from the sensor, and 
sends the data to a computer [11].

We recorded the ICP of seven patients with traumatic 
brain injury admitted to Hospital São João, Portugal, using 
two different methods: a standard intraparenchymal micro- 
transducer (Codman & Shurtleff, Raynham, MA, USA) and 

the non-invasive method (Braincare, São Paulo, Brazil), 
placed on the parietal region of the patient’s scalp using an 
elastic head band. We also recorded the ABP thorough the 
radial artery and the partial pressure of carbon dioxide 
(PaCO2) simultaneously. We analysed approximately 337 h 
of recordings from a total of 608 h. The only exclusion crite-
rion was the absence of any of the signals of interest. Table 1 
presents the patients’ demographics and average recording 
time for each individual.

The similarity between two time-series at a given tempo-
ral window was inferred from the Euclidean distance between 
the non-linear projection in a lower dimensional space of the 
windowed power spectral densities of the respective signals. 
We calculated the power spectral density of the signal x using 
the short-time Fourier transform [12]:
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where w[k] is the Blackman window. We used window 
length of 10 s, with a sampling frequency of 250 Hz. We 
then reduced the dimensionality of STFT (250 dimensions) 
space to two dimensions using a non-linear dimensionality 
reduction algorithm (ISOMAP) [13], in which the embed-
ding is done in three steps. First, we calculated the 
Euclidean distances between the power spectral densities 
(PSD) of the windowed signals. In the second step, we con-
structed a graph based on the nearest neighbours of the 
PSDs; in the final step, we performed classical multidimen-
sional scaling using the geodesical distances between nodes 
on the graph to embed the signal into the lower space. A 
schematic representation of the data processing pipeline 
can be seen in Fig. 1. The whole analysis was performed 
using custom programs written in the python language, 
using the libraries Scipy [14], Matplotlib [15] and Scikit-
learn [16].

Table 1 Overview of the data analysed

Patient Age Gender Pathology Acquisition time (h)

1 52 F Spontaneous 
haemorrhage

282

2 70 M Brain tumour 97.8

3 65 M Brain tumour 77.1

4 77 M Traumatic injury 37.6

5 72 F Spontaneous 
haemorrhage

141.1

6 33 F Spontaneous 
haemorrhage

68.3

7 56 F Traumatic injury 141.1

G. Frigieri et al.



109

 Results

The ISOMAP projection of the PSD signals of six patients 
can be observed in the Fig. 2. Each point on the graphs in 
Fig. 2a–g represents the PSD of a 10-s window of the respec-
tive signals embedded into the lower dimensional space. We 
can qualitatively observe that nICP and iICP points are on 

average closer than ABP and iICP points for most of the 
patients. Indeed, the average distances between the respec-
tive points confirm that (Fig. 2h, Table 2). The differences 
between iICP-nICP and ABP-nICP are statistically sig-
nificant for all seven patients (Mann-Whitney U, p < 0.05). 
A dynamic comparison as a function of time can be seen at 
the following link (https://youtu.be/dK1XK-4jCkE). The 

Nonlinear dimensionality reduction (ISOMAP)

Distances between
points in the reduced
space as a measure
of similarity between
waveforms.

2D representation
of the power spectral
densities

Multidimensional
Scaling

Find shortest paths
between points on
the graph.

Construct a graph from
nearest neighbors in the
densities space
(250 Dimensions).

Fig. 1 Schematic representation of the data processing pipeline
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video shows the representation of three signals—iICP (red), 
nICP (green) and ABP (grey)—for one patient during 24 h. 
In the upper panel, one can observe the nonlinear projection 
of the three signals power spectral densities, which are 
shown in the lower right panel. In the lower left panel, one 
can see the corresponding morphologies.

 Discussion

We did not expect that the waveforms—and respective fre-
quency domain signatures—of the ICP recording methods 
were identical, because they are recorded at different sites—
one inside the parenchyma and other outside the skull. Both 
waveforms are, however, an indirect result of mechanical 
waves generated by the blood inflow to the brain and, there-
fore, should share some similarities. Indeed, we were able to 
observe a dynamic similarity between the waveforms as ICP 
changed in time. Given the importance of ICP waveform 
analysis to monitor the clinical state of the patient, and the 
similarities between the invasive and non-invasive methods, 
we suggest that the non-invasive method can be used for 
monitoring relative changes in ICP despite the absence of 
absolute values in mmHg.

One possible limitation of the non-invasive method could be 
the interference of peripheral circulation on the nICP signal. 
We therefore compared the iICP and nICP waveforms with the 
radial artery blood pressure waveform, and observed that simi-
larities between nICP and iICP are greater than the similarities 
between ABP and nICP or ABP and iICP. Nevertheless, such 
limitation could be minimised if the non-invasive sensor posi-
tioning is optimised, i.e. away from major vessels in the pari-
etal region. This could attenuate the potential influence of the 
peripheral circulation on the nICP waveform, and consequently 
approximate its pattern to the direct ICP waveform.

 Conclusions

The waveform similarity between iICP and nICP methods 
was greater than the similarity between nICP and radial ABP 
for all seven patients. Despite the possible differences 
between the shape of the ABP waveform at radial and pari-
etal arteries, the results indicate—based on the similarities of 
iICP and nICP as functions of time—that the nICP method 
can be used as an alternative tool for ICP monitoring in 

 conditions where the knowledge of absolute values might 
not be essentially relevant.
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Abstract Objective: Practical deficiencies related to con-
ventional transcranial Doppler (TCD) sonography have 
restricted its use and applicability. This work seeks to miti-
gate several such constraints through the development of a 
wearable, electronically steered TCD velocimetry system, 
which enables noninvasive measurement of cerebral blood 
flow velocity (CBFV) for monitoring applications with lim-
ited operator interaction.

Materials and Methods: A highly-compact, discrete proto-
type system was designed and experimentally validated through 
flow phantom and preliminary human subject testing. The pro-
totype system incorporates a custom two- dimensional trans-
ducer array and multi-channel transceiver electronics, thereby 
facilitating acoustic beamformation via phased array operation. 
Electronic steering of acoustic energy enables algorithmic sys-
tem controls to map Doppler power throughout the tissue vol-
ume of interest and localize regions of maximal flow. Multi-focal 
reception permits dynamic vessel position tracking and simulta-
neous flow velocimetry over the time-course of monitoring.

Results: Experimental flow phantom testing yielded high 
correlation with concurrent flowmeter recordings across the 
expected range of physiological flow velocities. Doppler 
power mapping has been validated in both flow phantom and 
preliminary human subject testing, resulting in average ves-
sel location mapping times <14 s. Dynamic vessel tracking 
has been realized in both flow phantom and preliminary 
human subject testing.

Conclusions: A wearable prototype CBFV measurement 
system capable of autonomous vessel search and tracking 
has been presented. Although flow phantom and preliminary 

human validation show promise, further human subject test-
ing is necessary to compare velocimetry data against existing 
commercial TCD systems. Additional human subject testing 
must also verify acceptable vessel search and tracking per-
formance under a variety of subject populations and motion 
dynamics—such as head movement and ambulation.

Keywords Cerebral blood flow velocity · Transcranial 
Doppler · Power Doppler · Phased array · Wearable 
ultrasound

 Introduction

Transcranial Doppler (TCD) sonography is a specialized 
Doppler ultrasound technique that enables the measure-
ment of cerebral blood flow velocity (CBFV) from the 
basal intracerebral vessels. The use of TCD sonography is 
highly compelling as a cerebrovascular diagnostic modality 
because of its safety in prolonged studies, high temporal 
resolution, and relative portability. Although TCD sonogra-
phy has been clinically indicated in a variety of neurovas-
cular diagnostic applications [1], general acceptance of 
conventional TCD methods by the medical community has 
been impeded by several critical limitations—including the 
need for a highly- trained TCD operator, operator-depen-
dent measurement results, and severe patient movement 
restrictions [2].

This work seeks to address these concerns through the 
development of a wearable TCD system with algorithmic 
steering capabilities. The wearable prototype form factor alle-
viates certain movement-related constraints particular to exist-
ing cart-based TCD systems, permitting applications requiring 
extended monitoring (e.g., emboli detection) [3]. Algorithmic 
vessel location and tracking can further reduce operator 
dependencies by both expediting and systematizing vessel 
location and identification procedures and by continuously 
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updating acoustic focusing to regions of maximal flow, thereby 
ensuring measurement integrity. Additionally, autonomous 
operation can potentially lessen patient movement restrictions 
through a reduction in operator engagement and an increase in 
motion tolerance. Such capabilities eliminate the need for fine 
manual transducer adjustment and allow for an expansion of 
TCD measurement applications.

 Materials and Methods

Recent advances in ultrasound electronics have led to sub-
stantial decreases in instrumentation dimensions. This work 
extends such reductions to a wearable form factor by identi-
fying the anatomic, acoustic, and algorithmic constraints rel-
evant to portable TCD sonography [4, 5].

To facilitate development and limit system complexity, 
this work concentrates on unilateral transtemporal acoustic 
window (TAW) insonation of the middle cerebral artery 
(MCA) for velocimetry applications. Of the major cerebral 
vessels, insonation and spectral Doppler (i.e., non-imaging) 
identification of the MCA through the TAW is generally the 
most straightforward due to favorable anatomical structure. 
The MCA is a high flow velocity, relatively large diameter 
cerebral vessel with approximately lateral course (i.e., nor-
mal to skull surface). TAW insonation of the ipsilateral MCA 
typically results in moderate insonation depths with modest 
steering and Doppler angles.

By restricting maximum steering angles and neglecting 
sonographic imaging requirements, electronic channel and 
transducer element count remain manageable without sig-
nificant degradation in system performance. For azimuth and 
elevation steering angles less than ±17°, the 64 channel pro-

totype device of this work maintains an acoustic focal inten-

sity above the maximum on-axis intensity of an unfocused 

single element transducer at an equal acoustic output power. 

Grating lobes are generated by the relatively large transducer 

element pitch (1.6 mm ≈ 2λ), which produce spatial aliasing 

that may alter perceived volumetric position and combine 

backscattering from multiple regions at the same depth. 

These effects, however, have minimal influence on the accu-

racy of MCA spectral envelope generation when the MCA is 

the dominant source of positive volumetric flow at the depth 

of interest.

The discrete prototype electronic system has dimensions 

of 16.5 × 14 × 2.5 cm and is worn at the chest. The trans-

ducer array is affixed at the temporal region with an adjust-

able headframe. A block diagram of the discrete prototype 

system is presented Fig. 1.

Beamforming is achieved on transmit and receive through 

timing delays at each channel. Delays are discretized to 

31 ns, resulting in phase resolution of 22.5° at the 2 MHz 

carrier frequency and steering angle resolution of approxi-

mately 1.5°. Following initialization, the prototype system 

controls define a coarse volumetric grid over the entire vol-

ume of interest and scan each coarse grid location for the 

specified dwell period (10–20 ms). Each grid location is 

characterized by the relative Doppler power ratio Prel 

acquired over the dwell duration:
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where X[n,λ) is the time-dependent discrete Fourier trans-
form of the baseband receive waveform x[n] after clutter 
reject filtering, as described in [5, 6]. For unidirectional 
positive flow, spectral power at positive frequencies 
(0 < ω < π) greatly exceeds spectral power at negative fre-
quencies (π < ω < 2π), yielding large values of Prel (~5–100). 
Because a simultaneous ratio of powers is employed, Prel 
values can be equitably compared without accounting for 
focal depth, acoustic attenuation and reflection, transducer 
beam pattern, transmit power level, and tissue backscatter-
ing coefficient.

For MCA localization, the search region extent is con-
fined to −15 to +15 mm in both lateral dimensions and 
40–65 mm in depth. A pulse repetition rate of 10 kHz with a 
192 sample dwell period results in coarse search times of 
approximately 12 s—including communication overhead. 
For coarse grid locations yielding a Doppler power ratio 
above a specified threshold value, a subsampled local grid is 
defined and the dwell process repeated. The Doppler map-
ping procedure returns the location corresponding to maxi-
mal Doppler power ratio following local subsampling and 
redundancy checks. Because the MCA is generally the domi-
nant source of positive flow within the search region, the 
search process nominally infers a suitable focal location for 
MCA velocimetry.

Vessel tracking is a continuous background process that 
defines a secondary receive focus. Tracking steers the sec-
ondary receive focus at offsets from the common transmit 
focus and compares the Doppler power ratio of the primary 
and secondary receive paths. Multiple range gates are added 
to the secondary receive path to increase effective tracking 

volume coverage. When the Doppler power ratio in the sec-
ondary path exceeds that of the primary velocimetry path for 
sufficient duration, the common transmit and primary receive 
focal points are updated. This process allows the system to 
track relative vessel motion simultaneous to CBFV measure-
ment. Limitations in tracking robustness are highly depen-
dent on both transmit 3 dB beamwidth at the depth of interest 
(≈2–4 mm) and relative vessel movement dynamics. If ves-
sel tracking fails to maintain sufficient Doppler power ratio, 
the mapping search process is repeated until a suitable vessel 
segment is found.

 Results

Velocimetry data from the prototype TCD system was vali-
dated on a Doppler flow phantom. Accurate flow velocity 
measurements were achieved over the expected range of 
physiological CBFV values (25 cm/s to 125 cm/s), yielding 
a normalized root-mean-square error < 3.0%, with a mean 
error of −1.7 cm/s and a standard deviation of the error of 
2.4 cm/s. Figure 2a presents human subject test data from the 
vessel search procedure, where Doppler power ratio is mea-
sured throughout the search volume. Following Doppler 
power maximization, the system computes the spectrogram 
and spectral envelope, as shown in Fig. 2b. Under this proce-
dure, operator interaction is limited to placement of the 
transducer array at the TAW via palpation; translation and 
angulation of the transducer array after placement is not 
required.

a b

Fig. 2 (a) Spatial variation of transcranial Doppler power ratio via coarse mapping. (b) Transcranial spectrogram at the algorithmically located 
Doppler power ratio maxima
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 Discussion

Flow phantom experiments have demonstrated accurate 
velocimetry operation of the prototype system. Such mea-
surement conditions, however, differ significantly from 
human subject receive signal levels—due primarily to exces-
sive acoustic attenuation and reflection introduced by cranial 
bone and minimal erythrocytic backscattering. Results from 
initial human subject testing are encouraging, but additional 
human testing is necessary to validate the system across a 
breadth of subjects and measurement environments.

Doppler mapping techniques have exhibited utility in 
determining suitable focal locations for flow velocimetry—a 
tedious manual process under conventional TCD techniques. 
The codification of vessel search and identification through 
algorithmic procedures may yield a reduction in inter- 
operator and intra-operator variability.

Although operator interaction with the TCD sonography 
system during monitoring may be significantly mitigated 
through the use of algorithmic control, operator proficiency 
remains essential in determining TAW location. Improvements 
in acoustic window detection techniques are needed to further 
reduce necessary TCD operator qualifications.

 Conclusions

Enabling technological advancements and a changing atmo-
sphere toward point-of-care testing and mobile health para-
digms has stimulated interest in portable, non-invasive, and 
highly usable tools for cerebrovascular monitoring and diag-

nostics. Preliminary human validation demonstrates a com-
pact, wearable, and algorithmically steered TCD system that 
largely resolves several key shortcomings of established 
TCD measurement techniques. The successful execution of 
our current objectives can profoundly alter the standard clin-
ical approach to neurovascular evaluation, especially in 
applications where the role of non-invasive diagnostics has 
not yet been clearly established (e.g., extended monitoring, 
emergency assessment).
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Abstract Objective: The aim of this study was to investigate 
the feasibility of simultaneous visualization of the cerebral 
macrocirculation and microcirculation, using ultrasound 
perfusion imaging (UPI). In addition, we studied the sensi-
tivity of this technique for detecting changes in cerebral 
blood flow (CBF).

Materials and methods: We performed an observational 
study in ten healthy volunteers. Ultrasound contrast was used 
for UPI measurements during normoventilation and hyper-
ventilation. For the data analysis of the UPI measurements, 
an in-house algorithm was used to visualize the DICOM 
files, calculate parameter images and select regions of inter-
est (ROIs). Next, time intensity curves (TIC) were extracted 
and perfusion parameters calculated.

Results: Both volume- and velocity-related perfusion 
parameters were significantly different between the macro-
circulation and the parenchymal areas. Hyperventilation- 
induced decreases in CBF were detectable by UPI in both the 
macrocirculation and microcirculation, most consistently by 
the volume-related parameters. The method was safe, with 
no adverse effects in our population.

Conclusions: Bedside quantification of CBF seems feasi-
ble and the technique has a favourable safety profile. 
Adjustment of current method is required to improve its 
diagnostic accuracy. Validation studies using a ‘gold stan-
dard’ are needed to determine the added value of UPI in neu-
rocritical care monitoring.

Keywords Contrast enhanced ultrasound · Cerebral blood 
flow · Ischemia · Acute brain injury · Intensive care

 Introduction

Acute brain injury is associated with high morbidity and 
mortality. Ischemia is an important mediator in the develop-
ment of (secondary) brain injury. Increasing evidence shows 
that the microcirculation plays a key role in the pathophysi-
ology of acute brain injury [1, 2]. Currently available moni-
toring techniques are unable to measure microvascular and 
macrovascular cerebral blood flow (CBF) simultaneously, 
require transportation of the patient outside the intensive 
care unit or are invasive in nature.

Ultrasound perfusion imaging (UPI) is a promising 
method to measure brain perfusion [3]. Ultrasound contrast 
agents (UCAs) are used to visualize the cerebral arteries to 
overcome the low level of acoustic intensity due to the 
ultrasound absorption of the skull [4]. Hereby, flow veloci-
ties and characteristics of the cerebral arteries can be deter-
mined as markers of macrocirculation. UCAs can also 
function as a tracer of microcirculation, that is, perfusion 
measurements, in a similar way as contrast agents in mag-
netic resonance imaging or computed tomography perfu-
sion imaging.

The aim of this study was to investigate the feasibility 
of simultaneous visualization of cerebral macrocirculation 
and microcirculation using UPI. In addition, we studied 
the sensitivity of this technique for detecting changes in 
CBF.
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 Methods

 Study

We performed an observational study in ten healthy volunteers. 
All participants gave written informed consent before entering 
the study. The study was approved by the ethics committee of 
the Radboud University Medical Centre (NL 52854.091.15) 
and in accordance with the ethical standards laid down in the 
1964 Declaration of Helsinki and its later amendments.

 Population

The population comprised ten young healthy volunteers, 
between 18 and 35 years of age. Subjects were screened by 
physical examination and electrocardiography. Main exclu-
sion criteria were known hypersensitivity to the active 
substance(s) or to any of the excipients of SonoVue (Bracco 
International, Amsterdam, The Netherlands), history, signs 
or symptoms of cardiovascular, pulmonary or neurological 
disease, pregnancy and participation in another clinical trial 
within 3 months prior to the experimental day.

 Study Protocol

Duplex and UPI measurements were performed on the subjects 
during normoventilation and during hyperventilation. The 
measurements comprised of bilateral duplex measurements of 
the middle cerebral artery (MCA) blood flow velocity (CBFV), 
followed by a UPI measurement using the bolus technique. 
Duplex followed by UPI measurement was performed three 
times. Intervals between each examination in one volunteer 
were at least 20 min to allow wash-out of the contrast agent.

Following three baseline measurements, a baseline duplex 
measurement was performed while on continuous end-tidal 
CO2 monitoring. Following baseline duplex measurement, 
subjects were asked to hyperventilate to reduce end-tidal 
CO2 by at least 20%. After the end-tidal CO2 was reduced 
sufficiently, a duplex followed by UPI measurement of cere-
bral blood flow was performed at one side (unilaterally).

 Ultrasound Protocol

A Philips iU22 ultrasound system was used, with a 2.5-MHz 
phased-array S5-1 probe for all duplex and UPI measure-
ments. In the contrast mode, a mechanical index of 1.09 with 

a gain of 76% was used. UPI was performed in contrast 
mode after a rapid IV bolus injection of 2.4 ml of a 
sulphurhexafluoride- dispersion (SonoVue; Bracco 
International, Amsterdam, The Netherlands), followed by a 
rapid flush of 10 ml normal saline. An insonation plane was 
chosen visualizing the MCA and other parts of the circle of 
Willis to allow simultaneous analysis of the flow in the mac-
rocirculation and parenchyma.

 Data Analysis

For the data analysis of the UPI measurements, an in-house 
algorithm was developed in Matlab (R2014b; The 
MathWorks, Natick, MA, USA). With this algorithm, the 
DICOM files were visualized, parameter images were calcu-
lated, and regions of interest (ROIs) selected, from which 
time intensity curves (TIC) were extracted and bolus curves 
were fitted.

One ROI was selected in the ipsilateral MCA at a depth of 
4–5 cm, and three in the parenchyma: region of interest 
(ROI1) was selected on the contralateral side at a depth of 
9–10 cm at the same anterior level as the MCA region. The 
second parenchyma region (ROI2) was selected at the con-
tralateral side at a depth of 9–10 cm, posterior to ROI1. The 
final parenchyma region (ROI3) was selected on the ipsilat-
eral side at a depth of 4–5 cm posterior to the ipsilateral 
MCA region. Curve fitting and calculation of the perfusion 
parameters from the TIC was performed using the method of 
least squares with the model function as described by Eyding 
et al. [5]. Peak intensity (PI) was defined as the maximum 
amplitude the curve reaches; area under the curve (AUC) 
was calculated by a summation of all the acoustic intensities 
starting from the start of the bolus curve; time to peak inten-
sity (TPI) was defined as the time at which the curve reaches 
its maximum amplitude; time to peak (TTP) was defined as 
TPI minus the start of the bolus curve.

 Statistical Analyses

Statistical analysis was performed using GraphPad Prism 
version 5.0 (GraphPad Software, La Jolla, CA, USA). Data 
are presented as mean values with standard deviation or 
median values with interquartal ranges depending on their 
distribution. Differences between the perfusion parameters 
of the macrocirculation were compared to the three different 
ROIs of the microcirculation using the Friedman test for 
non-parametric repeated measures. Differences in perfusion 
parameters in the four ROIs between normoventilation and 
hyperventilation were analysed using the Wilcoxon signed 
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rank sum test. Linear regression was used to determine the 
correlation between CBFV in the MCA and perfusion param-
eters. A p value < 0.05 was considered to indicate statistical 
significance.

 Results

 Population

Ten healthy volunteers were included in the study. No 
adverse events occurred during the study. Due to technical 
failure, data of the first subject could not be used. Results of 
the remaining nine subjects are presented.

 Normal Cerebral Blood Flow

The blood volume-related parameters PI and AUC were sig-
nificantly different in the macrocirculation compared to the 
microcirculation (Fig. 1a, b). The PI in the macrocirculation 
was 25.4 [24.7–26.3] dB compared to 2.3 [1.5–2.9], 2.4 
[2.1–3.4] and 3.2 [1.8–3.8] dB in the microcirculation 
(p = 0.0008); the AUC was 10,195 [9,129–12,699] dB in the 
macrocirculation and 332 [268–398], 389 [303–651] and 
540 [259–722] dB in the microcirculation (p = 0.0005).

The velocity-related parameters TPI and TTP were also 
significantly different in the macrocirculation and microcir-
culation (Fig. 1c, d). The TPI in the macrocirculation was 
13.8 [12.6–14.8] s compared to 18.1 [16.8–19.2] s, 17.8 
[17.3–18.1] s and 17.3 [16.5–18.3] s in the microcirculation 
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Fig. 1 (a) Perfusion parameter values in the ipsilateral MCA region (MCA), (b) anterior contralateral parenchyma region (ROI1), (c) posterior 
contralateral parenchyma region (ROI2) and (d) the posterior ipsilateral region (ROI3)
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(p < 0.0001); the TTP was 5.5 [4.4–6.7] s in the macrocircu-
lation and 8.6 [7.8–9.7] s, 7.7 [7.3–8.3] s and 3.2 [2.0–3.8] s 
in the microcirculation (p < 0.0001).

 Effects of Hyperventilation on Cerebral 
Blood Flow

Hyperventilation effectively decreased the end-tidal CO2 
values from 5.4 ± 0.37% to 3.9 ± 0.4% (28.2 ± 7.1% 
decrease). The mean blood flow velocity in the MCA signifi-
cantly decreased during hyperventilation from 60.6 ± 7.1 to 
49.9 ± 3.4 cm/s (p = 0.0128); the peak systolic blood flow 
velocity decreased from 101.6 ± 13.0 to 90.1 ± 10.5 cm/s 
(p = 0.0078) (data not shown).

The blood volume-related parameter PI in the macrocir-
culation decreased from 25.4 [24.7–26.3] to 20.2 [12.9–
26.0] dB (p = 0.0547) and the AUC decreased from 10,195 
[9129–12,699] to 4509 [2214–6,299] dB (p = 0.0039) during 
hyperventilation (Fig. 2a, b). Similarly, the PI in the micro-
circulation decreased significantly from 2.3 [1.5–2.9] to 0.52 
[0.35–1.24] (p = 0.0078), 2.4 [2.1–3.4] to 0.49 [0.45–1.23] 
(p = 0.0078) and 3.2 [1.8–3.8] to 1.18 [0.82–2.77] dB 
(p = 0.0195). The AUC in the microcirculation decreased 
during hyperventilation in the ROI1 and ROI2 from 332 
[268–398] to 39.0 [28.2–121.6] and 389 [303–651] to 57.7 
[26.1–146] dB (p = 0.0039 and 0.0078) respectively (Fig. 2e, 
f). The decrease in ROI3 was not significant.

The velocity-related parameters TPI and TTP did not 
change significantly in the MCA (Fig. 2c, d). In the microcir-
culation, TPI decreased significantly in ROI1 and ROI3 from 
18.1 [16.8–19.2] to 14.9 [12.1–15.8] (p = 0.0195) and from 
17.3 [16.5–18.3] to 13.3 [10.6–15.1] s (p = 0.0117) (Fig. 2g). 
Similar results were calculated for the TTP in ROI1 and 
ROI3 {decrease from 8.6 [7.8–9.7] to 6.4 [5.2–7.8] 
(p = 0.017) and from 3.2 [2.0–3.8] to 1.1 [0.8–2.8] 
(p = 0.0195) s} (Fig. 2h).

Changes in size of the ROIs did not significantly change 
the results (data not shown). We have correlated changes 
in CBFV measured by duplex to changes in perfusion 
parameters derived from the UPI. Mean CBFV in the MCA 
correlated significantly with perfusion parameters PI and 
AUC (p = 0.004), but not with TTP or TPI (data not 
shown).

 Discussion

Simultaneous (semi-)quantitative analysis of the cerebral 
macrocirculation and microcirculation seems feasible in 
healthy volunteers. Both volume- and velocity-related 

parameters were significantly different between the macro-
circulation and the parenchymal areas. Hyperventilation- 
induced decreases in CBF were detectable by UPI in both the 
macrocirculation and microcirculation, most consistently by 
the volume-related parameters. The method was safe, with 
no adverse effects in our population.

The volume-related parameters PI and AUC were signifi-
cantly higher in the MCA compared to the parenchyma, due 
to the increased concentration of microbubbles within the 
blood vessel. Decrease in CBF resulted in a consistent 
decrease in most volume-related parameters in both macro-
circulation and microcirculation, suggesting that a change in 
CBF was detectable with UPI. Although the change in perfu-
sion parameters was significant, quantification of CBF was 
not validated in this (feasibility) experiment. In order to 
quantify flow using a contrast agent, the contrast intensity 
must be correlated to the concentration of the contrast agent. 
Recently, linearity between contrast intensity and the con-
centration of perflubutane microbubbles was confirmed in an 
ex vivo phantom study in liver tissue [6]. Similar results were 
found using galactose-based (first-generation) microbubbles 
in myocardial tissue [7].

Velocity-dependent parameters were more affected by 
variation compared to the volume-related parameters. This 
may be a reflection of variation in administration and the 
dosage of the microbubbles. Reconstitution of the microbub-
bles prior to administration, together with variation in the 
physical and physiological environment, changes the size 
distribution, stability and concentration of the contrast agents 
and strongly influences the perfusion parameters [8]. At high 
doses, especially in the MCA recordings, multiple scattering 
can occur, with the sound waves scattered by one bubble 
affecting the oscillation and scattering from its neighbours. 
In addition, the measurement may become saturated as seen 
most evidently in the PI measurements in the MCA. This is 
supported by the fact that the PI in the microcirculation (with 
lower contrast agent concentrations) decreased significantly. 
Reduction in microbubble dose may overcome this issue.

This study has a number of limitations. Several velocity 
and volume parameters failed to detect the change in CBF 
induced by hyperventilation, most likely as a result of the 
high variability in the results. High variability of UPI is a key 
challenge of this technique and the causes of this high vari-
ability have not yet been fully understood [9]. UPI is opera-
tor dependent, due to differences in microbubble dosing and 
speed of injection and probe positioning. Imaging  parameters 
and specific equipment settings strongly influence the quan-
tification outcomes. Since all experiments were performed 
by the same operator, and scanner settings were unchanged 
during the experiment, variation from these factors was con-
sidered to be limited. The variability was highest in ROI3, 
situated closely to the skull base; bone artefacts may underlie 
the high variability of parameters in this region.
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 Conclusion

Bedside quantification of CBF seems feasible and the tech-
nique has a favourable safety profile. Adjustment of the cur-
rent method is needed to improve its diagnostic accuracy. 
Validation studies using a ‘gold standard’ are needed to 
determine the exact role of UPI in neurocritical care 
monitoring.
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Abstract Objectives: Modern neuro-critical care units gen-
erate high volumes of data. These data originate from a mul-
titude of devices in various formats and levels of granularity. 
We present a new data format intended to store these data in 
an ordered and homogenous way.

Material and methods: The adopted data format was 
based on the hierarchical model, HDF5, which is capable of 
dealing with a mixture of small and very large datasets with 
equal ease. It is possible to access and manipulate individual 
data elements directly within a single file, and this is exten-
sible and versatile.

Results: The file structure that was agreed divided the 
patient data into four different groups: ‘Annotations’ for 
clinical events and sporadic observations, ‘Numerics’ for all 
the low-frequency data, ‘Waves’ for all the high-frequency 
data and ‘Summaries’ for the trend data and calculated 
parameters. The addition of attributes to every group and 
dataset makes the file self-described. More than 200 files 
have been successfully collected and stored using this 
format.

Conclusion: The new file format was implemented in 
ICM+ software and validated as part of a collaboration with 
participating centres across Europe.

Keywords HDF5 · Multimodal monitoring · Data storage · 
Data format

 Introduction

High volumes of data are generated during a patient’s stay in 
any modern intensive care unit and in neurointensive care in 
particular. Data come not only from a multitude of bedside 
monitors [arterial blood pressure (ABP), intracranial pres-
sure (ICP), electrocardiogram (ECG)] but also from lab data, 
manual measurements/observations and event annotation. 
With the introduction of electronic medical record systems, 
these data are captured and archived electronically. Currently, 
a notable exception to this is the routine storage of high- 
resolution, full waveform data. These are generally displayed 
at the bedside but only summary values are archived. Such a 
situation is problematic for research and clinical care, 
whereas important clinical information can be extracted 
from multimodal waveform data.

Despite numerous attempts to address these interoperabil-
ity issues with unifying medical communication standards, 
notably the ISO standard IEEE11073 [1], none have man-
aged to truly fulfil the needs for physiological data and thus 
have not been widely adopted. A number of proprietary for-
mats have emerged, but these all suffer from limitations, 
making the creation of multi-centre databases difficult. 
Developing a well-annotated standard for data archiving is of 
paramount importance to facilitate further advances in 
computer- supported individualised management of patients.

We propose a prototype format that that can be used as the 
foundation for the creation of a standard that covers all the 
needs of modern critical care environment. This format has 
been implemented for the CENTER-TBI study [2], where it 
will be used as the main data storage format for high resolu-
tion data generated across Europe.
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 Materials and Methods

This project builds on the hierarchical model developed by 
the open source HDF5 file format specification [3]. This file 
format is already extensively used in other areas of science 
where extensive amounts of data need to be stored [4–6]. In 
particular, it has found application as a standard for experi-
mental neuroinformatics [7].

HDF5 is attractive for its flexible format, offering a self- 
describing hierarchical, tree-like structure capable of hold-
ing almost any kind of well-annotated data objects in a single 
file. To add to its versatility, most of the most widely used 
scientific tools already provide libraries to handle this type of 
files (MATLAB, Python, Java, C), with MATLAB even 
adopting the file format as its primary storage format. An 
HDF5 file is composed of two main building blocks: Groups 
and Datasets (Fig. 1). The groups form the tree’s stem and 
branches and are therefore responsible for the hierarchical 
organisation of the data. Every dataset is a uniform multidi-
mensional array of data objects or elements, represented by 
one of the predefined simple data types or compound ele-
ments composed of a mixture of data types. Groups and data-
sets can be further annotated with metadata contained in 
associated ‘Attributes’.

HDF5 may be compressed for storage efficiency and the 
format reduces data access time and facilitates access and 
extraction of only data subsets.

The following requirements for the file internal structure 
design were defined:
• Accommodate all data types from bedside monitors at full 

temporal resolution.
• Each data object fully described by its attributes.
• Accommodation of structured clinical annotation. 

Provision for metadata.
• Completely self-described.

 Results

 HDF5 Data File Structure

Our file structure is presented in Fig. 1. The data are divided 
into different groups (categories) (Table 1). Each group con-
tains a specific data type associated with it and a set of 
attributes.

Waveform and numeric datasets include one dataset per 
modality or, in case of composite recordings such as electro-
encephalograms (EEGs), one group of datasets (individual 
channels) per modality (see Fig. 1). Each dataset in turn 
includes a series of uninterrupted (continuous) data streams 
characterised by its position in the dataset, its actual start 
time and its sampling frequency detailed in the dataset ‘Index 
Table’ attributes (Table 2, Fig. 2). In addition, each of those 
datasets also has an attribute data quality tracking (Table 2, 
Fig. 2). Episodic (Table 2) and annotation data (Table 2) con-
tain individual data samples (simple or composite), each 
with its own time stamp and a quality flag, where relevant.

In addition, the file structure also contains: Summaries, 
Definitions and Clinical annotations groups as well as two 
datasets, PatientInfo and Presentation—all of which are 
described in Tables 1 and 2.

Finally, a set of attributes was chosen for the root group 
containing the most important metadata describing the 
dataset.

 Data Compression and Performance

Data compression intrinsic to the HDF5 standard is used to 
minimise overall file size. For time-series datasets (numeric, 
waveform and electrophysiology), the Scale Offset algorithm 

Metadata/Attributes

HDF5 File

Group Dataset

JohnDoe_01_01_2000.hdf5

annotations
events

Microdialysis

hour

eventTypes
EEG

EEG.O1

EEG.Oz

EEG.Pz

EEG.T5

abp

bis

co2

ecg

icp

indexStruct

qualityRef

qualityStruct

etco2

hr

spo2

tcore

minutes

definitions

episodic

numerics

patient.info

presentation

summaries

waves

Fig. 1 Left: HDF5 hierarchical data storage concept. Right: structure of the proposed neurocritical care physiological data file
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was used. For the summaries group, the GZip algorithm [8] 
was used with a power level of 6 for its handling of NAN 
values (ensuring seamless Excel compatibility). This data 
compression was shown to be effective (Table 3) and capable 
of processing an average of 1.7MB HDF5 data per second. 
Within-file data access time was negligible.

This format has already been used to archive and trans-
fer to a central repository of more than 200 recordings 
from 22 different centres across Europe. The average file 
size was 512 MB, containing an average of 7.4 days of 
data and at least ABP, ICP and ECG full-resolution 
waveforms.

Table 1 Division of data into logical categories—HDF5 groups

Data type Modalities HDF5 dataset type Attributes Description

Numerics • ETCO2
• SPO2
• PBTO2
• HR
• Temperature

One-dimensional 
array of 32-bit float 

numbers

• Index Table (Composite 
array)

• Quality Table (Composite 
array)

• Units  (String)
• Location (String)
• Metric (String)
• Modality (String)
• Source (String)

• For all the low temporal 
resolution data (sampled ≤ 1 Hz)

Waveforms • ABP
• ICP
• ECG
• CVP
• EEGa

• ECoGa

• For high temporal resolution, 
waveforms

EEG/ECoG (inside 
waveform group)a

• EEG channels • Group inside the Waveforms used 
to store EEG data

Summaries (Processed data)
• Minute-by-minute
• Hourly

One-dimensional 
array of a composite 

typeb

• Index Table (Composite 
array)

• Column labels (String)
• Title (String)

• Group which stores synchronised 
Excel spread sheet type, time 
synchronised, representation of 
the numerics and waveforms 
datasets, produced by averaging 
values with granularity of 1 min 
in one dataset, and 1 h in the other

Episodic • Microdialysis
• Clinical observations

• Columns labels (String)
• Title (String)
• Textual description (String)

• For irregularly sampled data and 
manual measurements

Clinical 
annotations

• Nursery events
• Spontaneous notes

• Including datasets with labelled 
events and textual notes (ex. 
Nursing events)

Definitions • eventTypes
• indexStruct
• qualitied
• qualityStruct

• Group containing details, with 
descriptions, of any complex data 
formats used for datasets or 
attributes. The group is also 
meant to contain physiological 
variables’ and events’ labels 
nomenclature

Patient.infoc (Patient Demographics) • Columns labels (string)
• Title (string)
• Textual description (string)

• A dataset in the root group that 
contains name=value pairs of 
patient demographics, if such 
patient identifier are to be stored 
in the files, otherwise may be 
omitted

Presentationc (Clinical information) • A dataset in the root group that 
contains name=value pairs of any 
auxiliary clinical data fields that 
are useful to keep together with 
the physiological data, and which 
do not de-anonymise the data 
(example, GCS at admission, type 
of trauma, etc.)

aEEG/ECoG are part of a group that is inside the waveforms group
bComposite types are explained in Table 2
cPatient.info and presentation are not associated to any group

HDF5-Based Data Format for Archiving Complex Neuro-monitoring Data in Traumatic Brain Injury Patients
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 Discussion

The HDF5 data platform proved to be robust, extensible, scal-
able, self-describing and easy to handle. One important advan-
tage of our format is the capacity for easy manipulation of its 
contents. In particular, it allows post-creation removal, addition 
or transformation of datasets. This feature allows supplementing 
the intensive care unit recordings with external data. Unlike other 
formats, it is possible to extract subsets of data without parsing 
the whole file, making handling very large files practical.

The compression ratios observed in this file format were very 
good compared to others, allowing the creation of lightweight 

databases and facilitating the overall file handling, yet still retain-
ing excellent performance of the data-archiving process.

 Conclusions

The developed format can be used to archive multi-centre 
data in a homogenous, robust, self-described and accessible 
way. We propose our format as a prototype for a standard for 
clinical physiological data from intensive care. The creation 
of such standard is of paramount importance not only to ease 

Table 2 Table describing the composite data types

Composite type Data arrangement Descriptions

Summaries • [Time-stamp (64-bit float), 1xN 32-bit 
float]

• Time-stamp—Excel date time format (number of days since 
1/1/1990)

• 1xN—one- dimensional array with one value for each (N) variable 
collected in the file

Episodic • [Code (String), Time-stamp (64-bit 
Float), Duration (32-bit Float), Comment 
(String), Value (32-bit Float)]

• Code—Textual code for the variable/observation being inserted
• Time-stamp—UNIX format time stamp (milliseconds since 

1/1/1970)
• Duration—Duration of the duration/effect of the variable being 

inserted (to use only if applicable)
• Comment—Textual comment on the variable/observation being 

inserted (to use only if applicable)
• Value—Numerical value of the variable/observation being inserted 

(to use only if applicable)

Clinical annotations • [Code (String), UNIX Time-stamp (64-bit 
Float), Duration (32-bit Float), Comment 
(String)]

• Code—Textual code for the Clinical Annotations being inserted
• Time-stamp—UNIX format time stamp (milliseconds since 

1/1/1970)
• Duration—Duration of the duration/effect of the Clinical 

Annotations being inserted (to use only if applicable)
• Comment—Textual comment on the Clinical Annotations being 

inserted (to use only if applicable)

Definitionsa • [Name (String), Description (String)]
or

• [Value (32-bit unsigned integer), 
Description (String)]

• Name—Name of the element being described
• Description—Textual description of the element
or
• Value—Numeric code of the element being described
• Description—Textual description of the element

Index Table • Start index (64-bit integer), Start time 
(64-bit Unsigned integer), Duration 
(64-bit integer), Sampling frequency 
(64-bit float)

• Start index—index of the first sample in this continuous data block
• Start time—modified UNIX format time stamp (microseconds 

since 1/1/1970)
• Duration—number of data samples in this data block
• Sampling frequency—data sampling frequency [Hz]

Quality Table • [TimeStamp (64-bit unsigned integer), 
Code (32-bit unsigned integer)]

• [TimeStamp   Code]
• [64-bit unsigned integer   32-bit unsigned 

integer]

• Time-Stamp—UNIX format time stamp (milliseconds since 
1/1/1970)

• Code—(bit) set of quality indicators valid for data starting at this 
time point until the next quality indicator or until the end of data

Patient.info (Patient 
demographics)

• [Field (String), Value (String)] • Filed—Textual name of the patient or clinical information
• Value—Textual value for the field representing the patient name or 

Clinical informationPresentation (Clinical 
information)

aDepending of the specific needs of the definition table these two composite arrangements can be found
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inter-centre collaborations, but also to simplify planning and 
execution of future multi-centre studies.
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Abstract Objectives: Slow waves of intracranial pressure 
(ICP) are spontaneous oscillations with a frequency of 
0.3–4 cycles/min. They are often associated with pathologi-
cal conditions, following vasomotor activity in the cranial 
enclosure. This study quantifies the effects of general anaes-
thesia (GA) on the magnitude of B-waves compared with 
natural sleep and the conscious state.

Materials and methods: Four groups of 30 patients each 
were formed to assess the magnitude of slow waves. Group A 
and group B consisted of normal pressure hydrocephalus 
(NPH) patients, each undergoing cerebrospinal fluid (CSF) 
infusion studies, conscious and under GA respectively. Group 
C comprised conscious, naturally asleep hydrocephalic 
patients undergoing overnight ICP monitoring; group D, 
which included deeply sedated head injury patients monitored 
in the intensive care unit (ICU), was compared with group C.

Results: The average amplitude for group A patients was 
higher (0.23 ± 0.10 mmHg) than that of group B 
(0.15 ± 0.10 mmHg; p = 0.01). Overnight magnitude of slow 
waves was higher in group C (0.20 ± 0.13 mmHg) than in 
group D (0.11 ± 0.09 mmHg; p = 0.002).

Conclusion: Slow waves of ICP are suppressed by GA 
and deep sedation. When using slow waves in clinical 
decision- making, it is important to consider the patients’ 
level of consciousness to avoid incorrect therapeutic and 
management decisions.

Keywords General anesthesia · Slow waves · B-waves  
Intracranial pressure · Hydrocephalus

 Introduction

We previously published the complete version of this paper 
[1]. Slow waves of intracranial pressure (ICP), also called 
B-waves, are spontaneous rhythmic oscillations of the ICP 
within a low frequency bandwidth of 0.3–4 cycles/min. 
Even though they are mostly associated with hydrocephalus 
and head injury, they may also be present in healthy indi-
viduals [2, 3]. It is widely accepted that they originate from 
changes in intracranial blood volume, following vasodila-
tion and vasoconstriction [3, 4]. More theories, suggesting 
that cyclical changes in arterial CO2 are probably the caus-
ative factor in B-waves, have been called into question by 
findings that showed that artificial ventilation does not affect 
B-waves [3, 4].

The clinical significance of slow waves is also some-
thing that remains unclarified. They have been used as a 
reliable indicator of decreased brain elasticity and shunt 
responsiveness in hydrocephalus; the intracranial volume 
buffering reserve correlates inversely with B-wave ampli-
tude and correlates directly with resistance to cerebrospinal 
fluid (CSF) outflow (RCSF) [4–6]. In turn, increased 
B-wave activity correlates with clinical improvement after 
shunt insertion in normal pressure hydrocephalus (NPH). 
In head injury patients, the presence of B-waves is associ-
ated with a positive outcome, reflecting preserved autoreg-
ulation [5, 6].
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Monitoring of ICP is performed according to indica-
tion in a variety of clinical settings ranging from con-
scious, self- ventilating patients, mechanically ventilated 
patients under general anaesthesia (GA) and during physi-
ological sleep [6, 7]. Based on previous observations, it 
has been evident that slow waves recorded in conscious, 
self-ventilated patients undergoing CSF infusion studies 
are lessened or absent in patients studied under GA. So 
far, there are no published data quantifying the influence 
of GA on vasogenic ICP oscillations. The wealth of data 
collected in our laboratory over many years allows us to 
quantify and compare B-wave activity in NPH and head 
injury patients.

 Materials and Methods

The first two groups of patients, group A and group B, con-
sisted of two cohorts of 30 non-shunted patients, each 
undergoing CSF infusion studies for diagnostic confirma-
tion of suspected NPH [6, 7]. Group A patients were con-
scious and lying in a recumbent position. Group B patients 
underwent the procedure under GA; these patients were 
either unable to tolerate the diagnostic procedure (which 
may require up to 1 h of monitoring) or assessed preopera-
tively to confirm the need for shunt insertion within the 
same surgical session [5–7]. All patients presented with 
ventriculomegaly and with at least two elements of the 
Hakim’s triad of symptoms (urinary incontinence, shuffling 
gait and memory loss); gait problems were present in all 
patients. During the infusion study, anaesthesia was induced 
using propofol, fentanyl and atracurium or vecuronium [8, 
9] and maintained with either propofol target controlled 

infusion (3–6 mcg/ml) at the effect site alone or combined 
with remifentanil (0.05–0.2 mcg/kg/min).

Group C and group D consisted of two cohorts of 30 
patients each, undergoing overnight ICP monitoring. Group 
C involved naturally asleep patients being evaluated for or 
diagnosed with hydrocephalus, with or without a shunt in 
place [1, 5, 7]. Group D patients had undergone ICP moni-
toring following severe traumatic brain injury (TBI) [9]. 
These patients were under deep sedation with propofol and 
fentanyl or remifentanil, with or without neuromuscular 
blockade.

Research ethics committee approval was obtained (29 
REC 97/291) and all patients had given their informed con-
sent for their digital data to be analysed anonymously.

 Data Analysis

The magnitude of slow waves [SLOW] was calculated using 
spectral analysis of digitised ICP recordings [8, 9]. Artefacts 
were manually extracted in all groups before analysis. In 
groups A and B, de-trending of ICP was performed before 
analysis to minimise the influence of the induced increase in 
ICP on slow wave activity (Fig. 1).

Baseline ICP, intracranial elasticity [1, 6], RAP (an index 
of volume compensatory reserve), CSF production and 
RCSF were assessed in all patients, as previously described 
[8–10]. Data were analysed using SPSS version 22.0. A one- 
way ANOVA was used to examine between-group differ-
ences in examined parameters. Spearman rank correlation 
coefficient was used to examine the relationship between 
descriptors of slow waves and CSF compensatory 
parameters.
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 Results

Groups A and B included age-matched (73 ± 7 vs 
75 ± 8 years) NPH patients undergoing infusion testing, in a 
conscious state (group A; n = 30) and under GA (group B; 
n = 30). Male to female ratio in both groups was approxi-
mately 4:3.

Groups C and D included age-matched patients undergo-
ing overnight ICP monitoring for diagnostic investigation of 
NPH during natural sleep (group C; n = 30; age = 23 ± 8) and 
deeply sedated and mechanically ventilated patients (group 
D; n = 30; age = 29 ± 7 years).

Overall, the average magnitude of slow waves and stan-
dard deviations of 10 s-averaged ICP was lower in the GA 
patients (groups B and D; 0.15 ± 0.10 mmHg; p = 0.01 and 
0.11 ± 0.09 mmHg; p = 0.002, respectively) in comparison 
with conscious patients (groups A and C; 0.23 ± 0.10 mmHg 
and 0.20 ± 0.13 mmHg respectively; Fig. 2).

In groups A and B, there was no correlation between com-
pensatory reserve and the volume of slow waves. There was 
no significant correlation between any measures describing 
the magnitude of B waves and resistance to CSF outflow or 
elasticity, both in the GA and conscious patients group. The 
magnitude of B waves correlated positively with baseline ICP 
(R = 0.48; p = 0.0067), but only in conscious patients.

There is a significant difference in the duration of the 
recording between the first (groups A and B) and the second 
(groups C and D) cohort, which was the initial purpose of 
their formation. The duration of the infusion studies was 
approximately half an hour, therefore different methodology 
was used for analysis of slow waves. Formally, there is no 
statistical difference between slow waves in groups A (base-
line values, before start of infusion) and C, and between 
groups B and D (p > 0.05).

 Discussion

The number by which slow waves are dampened by GA is 
demonstrated in this study. By quantifying these previously 
observational findings, a reference for further studies and for 
clinical interpretation of ICP recordings is provided.

Both the average magnitude of slow waves and standard 
deviation of mean ICP were significantly lower in patients 
under GA than in conscious ones, indicating a suppression of 
ICP dynamics by GA. There were no differences between 
conscious and sedated patients with regard to baseline ICP, 
excluding mean ICP as a contributing factor to B-wave sup-
pression [8, 9]. Therefore, lower brain metabolism rate 
(lower cerebral blood flow [CBF]) mainly accounted for the 
lower magnitude. Adding to this hypothesis is the fact that 
CSF production was significantly lower in the GA group [6]. 
Contrary to what would be expected because of the between- 
group difference in cerebral arterial blood volume (CaBV), 
intracranial elasticity did not vary between the two groups 
[6, 7]. The resistance (R) to the CSF outflow was found to be 
significantly higher in the GA group (group B). This could 
be attributed to selection bias, as GA infusion studies involve 
patients with severe clinical features who are most likely to 
be candidates for CSF shunting procedures [10].

Regarding the use of anaesthetic drugs, propofol has been 
widely used for CSF dynamics studies, with known effects 
[8]. The safety of fentanyl and remifentanil as adjuvants in 
neuroanaesthesia and neurointensive care is also supported 
by a large body of evidence [9]. Nonetheless, the current 
study demonstrates that even propofol-based anaesthesia and 
sedation are associated with a considerable reduction in the 
amplitude of vasogenic waves compared with wakefulness 
or natural sleep [5, 6, 8]. Patients in the TBI group were 
selected because they did not have significant intracranial 
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Fig. 2 General anaesthesia suppresses slow waves. Upper: averaged 
amplitude of slow waves is significantly lower in patients who under-
went constant rate infusion study under general anaesthesia (GA) 
(group B: GA), compared with conscious patients (group A: no GA). 

Lower: significantly decreased amplitude of slow waves in deeply 
sedated traumatic brain injury (TBI) patients (group D), compared with 
naturally asleep hydrocephalus patients (NPH) (group C: NPH)
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hypertension (ICP < 18 mmHg) and their CSF parameters 
were considered for the first day of their admission [3–5].

Because of the undetermined origin of B-waves, it is hard 
to conclude that a specific mechanism is responsible for the 
suppression phenomenon. Arterial PaCO2 fluctuations partly 
explain the changes in CaBV and ICP, but not the sole cause 
of the reported amplitude differences [2–4]. It has been 
shown that GA-induced changes in arterial blood pressure 
(ABP) do not influence cerebral autoregulation, especially 
under the well-controlled conditions of the ICU [6, 8].

Quantifying the influence of anaesthesia and deep seda-
tion on B-waves may have clinical relevance om improving 
the management of hydrocephalic patients; slow waves are 
often used to predict shunt response and select NPH candi-
dates for surgery [2, 5, 7, 10]. Results of long-term ICP mon-
itoring also vary between conscious and sedated patients. 
The use of anaesthesia should hence be considered in an 
effort to prevent the misidentification of potential shunt- 
responders as non-responders.

 Limitations of the Study

Head injury patients may not be absolutely comparable with 
hydrocephalus patients, even though the main difference in 
raised ICP was eliminated by selecting subjects with preserved 
autoregulation. A possible selection bias may be present in 
group B, with a significantly higher RCSF linked with advanced 
clinical disease. Although there may be considerable within-
group heterogeneity in the anaesthetised and sedated group, 
there remains a consistent and statistically significant differ-
ence in the magnitude of vasogenic waves in patients undergo-
ing infusion studies under GA compared with patients in the 
awake state. CBF and ABP were not measured in this study.

Finally, the difference in the magnitude may appear 
quite minimal (0.08 mmHg and 0.09 mmHg during infu-
sion studies and long-term monitoring respectively). 
However, our aim was to quantify and describe an empiri-
cally observed difference statistically and that was achieved 
in this paper. Using our paper as a reference, it is important 

to begin considering the practical issues demonstrated by 
our numerical results.

Further studies need to be performed to confirm these 
findings and provide a better insight into how to interpret 
slow-wave analysis derived from anaesthetised patients.
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Abstract Objectives: The objectives were to compare three 
methods of estimating critical closing pressure (CrCP) in a 
scenario of a controlled increase in intracranial pressure 
(ICP) induced during an infusion test in patients with sus-
pected normal pressure hydrocephalus (NPH).

Methods: We retrospectively analyzed data from 37 NPH 
patients who underwent infusion tests. Computer recordings 
of directly measured intracranial pressure (ICP), arterial 
blood pressure (ABP) and transcranial Doppler cerebral 
blood flow velocity (CBFV) were used. The CrCP was cal-
culated using three methods: first harmonics ratio of the 
pulse waveforms of ABP and CBFV (CrCPA) and two meth-
ods based on a model of cerebrovascular impedance, as a 
function of cerebral perfusion pressure (CrCPinv), and as a 
function of ABP (CrCPninv).

Results: There is good agreement among the three meth-
ods of CrCP calculation, with correlation coefficients being 
greater than 0.8 (p < 0.0001). For the CrCPA method, nega-
tive values were found for about 20% of all results. Negative 
values of CrCP were not observed in estimators based on 
cerebrovascular impedance. During the controlled rise of 
ICP, all three estimators of CrCP increased significantly 
(p < 0.05). The strongest correlation between ICP and CrCP 
was found for CrCPinv (median R = 0.41).

Conclusion: Invasive CrCP is most sensitive to variations 
in ICP and can be used as an indicator of the status of the 
cerebrovascular system during infusion tests.

Keywords Critical closing pressure · Wall tension  
Intracranial pressure · Cerebral autoregulation · Infusion test

 Introduction

Critical closing pressure (CrCP) is the arterial blood pressure 
(ABP) threshold, below which small arterial vessels collapse 
and blood flow ceases. Theoretically, cerebral CrCP is the sum 
of intracranial pressure (ICP) and vascular wall tension (WT) 
[1]. With the introduction of transcranial Doppler (TCD) ultra-
sound, it became possible to assess CrCP non- invasively by 
comparing the waveforms of cerebral blood flow velocity 
(CBFV) and ABP. One of the methods, proposed by Aaslid 
et al. [2] estimates CrCP from the fundamental harmonics of 
the pulse waveforms of ABP and CBFV. However, these 
methods may provide an inaccurate estimation of CrCP, as 
they can produce negative values that cannot be interpreted 
physiologically [3]. Recently, Varsos et al. proposed a new 
methodology for CrCP estimation based on a cerebrovascu-
lar impedance model [4] as a function of cerebral perfusion 
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pressure (CPP), ABP, cerebrovascular resistance (CVR), arte-
rial compliance (Ca), and heart rate (HR). An important 
advantage of this method of CrCP calculation is the fact that it 
is not providing the non- physiological negative values of pres-
sure, as was the case with Aaslid’s method.

In this study, we aim to compare three methods of CrCP 
estimation in a scenario of a controlled increase in ICP 
induced by the infusion test. It was previously shown that an 
increase in CrCP is related to an increase in ICP [5]. However, 
it is unknown whether and to what extent the non-invasive 
and invasive methods of CrCP estimation can be used inter-
changeably in a scenario of a controlled rise in ICP.

 Material and Methods

Based on imaging examinations (the median width of the 
third cerebral ventricle was 13.64 mm, quartile range: 10.15–
17.22 mm) and the clinical symptoms of hydrocephalus, 
patients were admitted to the Hydrocephalus Clinic, 
Addenbrooke’s Hospital, Cambridge, UK, to undergo the 
infusion test. Tests were performed as a standard clinical 
procedure. Patients gave their consent and anonymized digi-
tal recordings of monitored variables were post-processed as 
part of a clinical audit. Additional non-invasive TCD moni-
toring during the test was approved by the Ethics Committee 
(08/H0306/103).

The inclusion criterion was suspected NPH, requiring an 
infusion test with simultaneous TCD monitoring. Thirty- 
seven patients with an entry diagnosis of NPH were studied. 
The median age of the patients was 57.0 years (quartile 
range: 37.0–64.0 years).

The cerebrospinal fluid space was accessed by a lumbar 
puncture. The needle was connected to an infusion pump and 
to the pressure transducer, from which the signal was trans-
ferred to the standard invasive pressure input of a bed-side 
monitor. After about 10 min of baseline pressure measure-
ment, the infusion was started. The test was performed with 
a constant-rate infusion. The infusion was continued until a 
new steady-state ICP (plateau) was reached, or until an ICP 
safety limit of 40 mmHg was achieved.

 Data Acquisition and Analysis

Cerebral blood flow velocity (CBFV) was measured from 
the middle cerebral artery with a 2-MHz probe and moni-
tored using TCD (Neuroguard, Medasonics, Fremont, CA, 
USA). Arterial blood pressure was measured non-inva-
sively using a Finapres finger cuff (Ohmeda, Englewood, 
CO, USA). Raw signals were digitized using an analog–

digital converter (DT2814; Data Translation, Marlboro, 
CA, USA) sampled at a frequency of 50 Hz, recorded by 
WREC software (Wojciech Zabolotny, Warsaw University 
of Technology) and re-analyzed using ICM+ software 
(Cambridge Enterprise, Cambridge, UK, http://www.neu-
rosurg.cam.ac.uk/icmplus/). The amplitudes of the funda-
mental harmonics of ABP, CBFV and ICP were derived 
using 10-s discrete Fourier transformations. The HR was 
assessed as the frequency associated with the first har-
monic of ABP. All the calculations were performed over a 
10-s window.

The CrCP was determined using the first harmonics ratio 
of the pulse waveforms of ABP and CBFV according to the 
following formula [6]:

 
CrCP ABP

Amp

Amp
CBFVmean

ABP

CBFV
meanA = − ⋅

 
(1)

where: ABPmean − mean value of ABP; AmpABP and 
AmpCBFV − amplitudes of the fundamental harmonics of 
ABP and CBFV respectively.

To calculate a multiparameter model of CrCP it is neces-
sary to estimate CVR and compliance (Ca). CVR represents 
the resistance of small cerebral arteries and it can be esti-
mated using TCD mean blood flow velocity (CBFV), and 
mean cerebral perfusion pressure 
(CPP = meanABP − meanICP):

 
CVR

meanCPP

meanCBFV
=

⋅Sa  
(2)

The arterial compliance (Ca) represents the change in 
arterial blood volume in response to a change in arterial pres-
sure and can be estimated as:

 
C

S
a
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⋅Amp

Amp
CaBV

ABP  
(3)

In Eqs. 2 and 3, Sa represents the cross-sectional area of 
the insonated vessel. Obtaining of amplitude of the funda-
mental harmonic of cerebral arterial blood volume (CaBV) is 
described in detail in Kim et al. [7].

The CrCPinv is calculated based on the mathematical 
model of cerebrovascular impedance and expressed by Eq. 4. 

 

CrCP ABP
CPP

CVR HR
inv = −

⋅ ⋅ ⋅( ) +Ca 2 1
2π  

(4)

In some clinical scenarios, when there is no need or pos-
sibility of monitoring ICP, the CrCP can be calculated from 
Eq. 5 with CPP approximated by ABP:
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where CVRninv is CVR calculated from Eq. 2 with CPP 
approximated by ABP. This a simple modification of for-
mula 4, taking ICP = 0.

 Statistical Analysis

To determine whether the data are normally distributed, the 
Shapiro–Wilk test was used. Non-parametric Wilcoxon test 
was utilized to examine the significance of a difference in 
analyzed parameters between the baseline and plateau phase 
of the test. The significance level of all tests was set at 0.05. 
Results are presented as median value ± quartile range (QR). 
Pearson’s method was used for the bivariate correlation 
analysis.

 Results

The changes in ICP, ABP, CPP, and CBFV between the base-
line and the plateau phase of the test and the calculated vari-
ables CrCPA, CrCPinv, CrCPninv, WTA, WTinv, along with ratios 
of WT and CrCP, are presented in Table 1.

Following the rise in ICP, median CrCP obtained with all 
three methods significantly increased by 7.78 ± 6.00 mmHg, 
p < 0.0001, for CrCPinv, 5.89 ± 4.66 mmHg, p < 0.0001 for 
CrCPninv and by 9.38 ± 9.87 mmHg, p = 0.0001 in the case of 
CrCPA. However, the values of Aaslid’s estimator were lower 
than impedance methods by 10.80 ± 20.56 mmHg, 
p < 0.0001 in the baseline and by 12.45 ± 16.99 mmHg, 
p < 0.0001 in the plateau phase.

Results obtained using all three methods of CrCP calcula-
tion correlated strongly. The strongest correlation was found 
between CrCPinv and CrCPninv (R = 0.9675, p < 0.0001). The 
associations between CrCPA and either CrCPinv or CrCPninv 

were also significant, but correlation coefficients were 
weaker (CrCPinv vs CrCPA, R = 0.8398, p < 0.0001 and 
CrCPninv vs CrCPA, R = 0.8295, p < 0.0001).

The largest discrepancies were seen when the CrCPA 
demonstrated negative values.

Correlation analysis among CrCP obtained using three 
methods and ICP was also performed based on data recorded 
in each individual patient. The results were highly variable, 
the strongest correlation being between CrCPinv and ICP 
(R = 0.41; p < 0.01). Examples of good and bad correlations 
are shown in Fig. 1.

In 7 patients (20.6%), the correlation coefficient between 
ICP and CrCP had a negative value. Negative values of R 
occurred most often in the case of CrCPninv. In 4 patients the 
correlation coefficient between ICP and the three estimators 
of CrCP had negative values.

It was also observed that changes in CrCP from baseline 
to plateau ICP (ΔCrCP) correlated significantly with changes 
in ICP (ΔICP) in all three methods: ΔICP and ΔCrCPA, 
R = 0.4451, p = 0.0075, ΔICP and ΔCrCPninv, R = 0.3901, 
p = 0.0205, ΔICP and ΔCrCPinv, R = 0.4349, p = 0.0090.

 Discussion

We have demonstrated a close relationship between the val-
ues of CrCP obtained using impedance model-based meth-
ods (invasive and non-invasive) and based on Aaslid’s 
equation. CrCP calculation methods correlate relatively well, 
although non-invasive CrCP expresses changes in ICP to a 
weaker degree. Moreover, in individual patients, the absolute 
difference between these estimators was the smallest in the 
case of CrCPinv and CrCPninv. Correlation between CrCP from 
Aaslid’s equation and invasive/non-invasive CrCP was 
undoubtedly lower. The existence of negative CrCPA values 
caused discrepancies between the methods. CrCPA was lower 
than impedance model-based estimators. This was caused by 
the methodological limitations of Aaslid’s formula. During a 
controlled increase in ICP, the CrCPA rendered negative val-
ues in situations of changes in amplitude and mean values of 
CBFV and/or ABP. The issue of low and negative values of 
CrCPA has been a known drawback in cases such as hyper-
emia or vasospasm [3, 4]. Therefore physiological interpre-
tation of CrCPA is sometimes difficult.

 Conclusions

There was a significant correlation between the analyzed 
methods of determining CrCP. All three indices were in 
agreement, although the best agreement between impedance 

Table 1 Median and quartile range of measured and calculated vari-
ables from the baseline and plateau level

Parameter Baseline Plateau p value

ICP (mmHg) 6.81 (7.27) 19.76 (11.16) <0.0001

ABP (mmHg) 95.12 (36.36) 100.40 (33.74) 0.0030

CPP (mmHg) 86.98 (26.59) 81.87 (32.54) 0.0010

CBFV (cm/s) 52.40 (16.80) 50.34 (17.58) <0.0001

CrCPinv (mmHg) 44.99 (16.11) 52.72 (20.74) <0.0001

CrCPninv (mmHg) 44.73 (22.12) 48.90 (24.29) 0.0001

CrCPA (mmHg) 33.39 (27.86) 38.03 (33.68) 0.0003

ICP intracranial pressure, ABP arterial blood pressure, CPP cerebral 
perfusion pressure, CBFV cerebral blood flow velocity, CrCPinv func-
tion of cerebral perfusion pressure, CrCPninv function of arterial blood 
pressure, CrCPA ratio of the pulse waveforms of ABP and CBFV
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model-based methods (invasive and non-invasive) were 
demonstrated.
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Abstract Objective: Brain arterial critical closing pressure 
(CrCP) has been studied in several diseases such as traumatic 
brain injury (TBI), subarachnoid haemorrhage, hydrocepha-
lus, and in various physiological scenarios: intracranial 
hypertension, decreased cerebral perfusion pressure, hyper-
capnia, etc. Little or nothing so far has been demonstrated to 
characterise change in CrCP during mild hypocapnia.

Method: We retrospectively analysed recordings of intra-
cranial pressure (ICP), arterial blood pressure (ABP) and 
blood flow velocity from 27 severe TBI patients (mean 
39.5 ± 3.4 years, 6 women) in whom a ventilation increase 
(20% increase in respiratory minute volume) was performed 
over 50 min as part of a standard clinical CO2 reactivity test. 
CrCP was calculated using the Windkessel model of cerebral 
arterial flow. Arteriolar wall tension (WT) was calculated as 
a difference between CrCP and ICP. The compartmental 
compliances arterial (Ca) and cerebrospinal fluid space (Ci) 
were also evaluated.

Results: During hypocapnia, ICP decreased from 17±6.8 
to 13.2±6.6 mmHg (p < 0.000001). Wall tension increased 
from 14.5 ± 9.9 to 21.7±9.1 mmHg (p < 0.0002). CrCP, 
being a sum of WT + ICP, changed significantly from 

31.5 ± 11.9 mmHg to 34.9±11.1 mmHg (p < 0.002), and the 
closing margin (ABP-CrCP) remained constant at an average 
value of 60 mmHg. Ca decreased significantly during hypo-
capnia by 30% (p < 0.00001) and Ci increased by 26% 
(p < 0.003).

Conclusion: During hypocapnia in TBI patients, ICP 
decreases and WT increases. CrCP increases slightly as the 
rise in wall tension outweighs the decrease in ICP. The clos-
ing margin remained unchanged, suggesting that the risk of 
hypocapnia-induced ischemia might not be increased.

Keywords Traumatic brain injury · Hypocapnia · Intracranial 
pressure · Critical closing pressure · Arterial wall tension · 
Cerebrovascular compliance · Brain monitoring · ICM+

 Introduction

Critical closing pressure (CrCP) is the lowest threshold of 
arterial blood pressure (ABP) below which the cerebral 
blood flow ceases. The flow cessation happens when the 
transmural pressure in the cerebral arteries, expressed as the 
difference between ABP and intracranial pressure (ICP), 
becomes too low to oppose the tension of the arterial walls 
leading to collapse of the arteries. Therefore, CrCP is defined 
as the sum of intracranial pressure (ICP) and the wall tension 
(WT) pressure. The phenomenon of critical closing pressure 
in the brain was first described with the appearance of tran-
scranial Doppler (TCD) measurements of blood flow veloc-
ity in the middle cerebral artery when the intercept of the 
regression line through the systolic and diastolic values of 
flow velocity and arterial blood pressure was studied. Since 
then, CrCP has been studied in many conditions, including 
traumatic brain injury, subarachnoid haemorrhage, and 
hydrocephalus under various haemodynamic conditions 
such as increased intracranial pressure, decreased cerebral 
perfusion, and moderate hyper- and hypocapnia.
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Moderate hypocapnia has at one point been proposed as 
a means of controlling elevated intracranial pressure in 
severe brain trauma patients because of its vasoconstrictive 
properties, leading to a reduction in cerebral blood volume, 
and thus ICP. However, subsequent studies showed that 
despite lowering ICP and improving global brain perfusion, 
the direct vasoconstriction effect often leads to worsening 
deficits in local cerebral perfusion in particularly vulnera-
ble regions of the brain. This has led to changes in the man-
agement strategies of severe head trauma patients, allowing 
only for mild hypocapnic treatment to be applied in those 
patients. However, little is currently known of the effects of 
such mild hypocapnia on the properties of cerebral 
arteries.

In this study, we set out to examine what happens to the 
arterial compliances, the WT and the critical closing pres-
sure in TBI patients with elevated ICP during mild hypocap-
nic challenges.

 Materials and Methods

We retrospectively analysed waveform recordings of ICP, 
arterial blood pressure (ABP) and TCD blood flow velocity 
(FV) taken from 27 sedated and ventilated severe TBI 
patients (mean age 39.5 ± 3.4 years, 6 were women) admit-
ted to the Neurocritical Care Unit at Addenbrooke’s Hospital, 
Cambridge, in whom an increase in ventilation (20% increase 
in respiratory minute volume) was performed over 50 min as 
part of a standard clinical CO2 reactivity test.

ABP was monitored invasively using a pressure monitor-
ing kit (Baxter Healthcare CA, USA; Sidcup, UK) at the 
radial artery, zeroed at the level of the heart, whereas an 
intraparenchymal probe (Codman & Shurtleff, MA, USA or 
Camino Laboratories, CA, USA) was used to monitor 
ICP. FV was measured from the middle cerebral artery with 
a 2-MHz probe and monitored with the Doppler Box (DWL 
Compumedics, Germany) or Neuroguard (Medasonics, 
Fremont, CA, USA). All the monitoring was performed as 
part of the standard protocol for the management of trau-
matic brain injury [1]. Patient monitoring was approved by 
the local Ethics Committee (REC97/291).

The raw data signals were digitised at a sampling fre-
quency of 50 Hz using an analogue–digital converter 
(DT9801 and DT9803, Data Translation, Marlboro, MA, 
USA), and recorded using ICM +® software (Cambridge 
Enterprise, ltd, Cambridge, UK, http://icmplus.neurosurg.
cam.ac.uk). All the analyses on the recorded raw waveforms 
were performed over 10-s long-sliding windows using the 
same software ICM+.

Critical closing pressure (CrCP) was calculated using the 
Windkessel model of cerebral arterial flow [2] according to 
the following formula:

 

CrCP ABP
CPP

HR
mmHg= −

⋅ ⋅ ⋅( ) +
[ ]

R Ca a 2 1
2≠

,
 

where Ra is the composite cerebrovascular resistance esti-
mated as:
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Ca is the lumped cerebral arterial compliance estimated 
as:
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AMP here denotes the amplitude of the first, Fourier, har-
monic of the pulse component of ABP, and CaBV 
respectively.

CaBV is the cerebral arterial blood volume, which is 
derived from FV by means of time integration:
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and finally, HR is the heart rate.
Both Ra and Ca formulae contain unknown factor Sa 

(directly, or indirectly inside the CaBV formula, as above) used 
to convert blood flow velocity measurements into blood flow, 
which cancels out when the product of the two (denoted as time 
constant τ in the results) is used in the CrCP formula.

Subsequently, vascular wall tension (WT) was estimated 
as (Dewey et al.): WT = CrCP − ICP, which when using the 
impedance model becomes:
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In addition, the compliance of the cerebrospinal space Ci 
was also calculated as:
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The exact derivation of all the above formulae with 
detailed explanations can be found elsewhere [2, 3].

For statistical analysis of the effects of hypocapnia, mean 
values of the studied parameters at baseline and during the 
hypotension period were compared using univariate tests 
(paired t test).
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 Results

A representative example of the behaviour of the studied 
parameters during the 20% increase in the respiratory rate is 
shown in Fig. 1 and the statistical comparisons of baseline 
versus hypocapnic period values are given in Table 1. PacO2, 
ICP, FV and CrCP decreased significantly, whereas ABP, 
CPP, Ci, Ra, and WT increased significantly. The other 
parameters, HR and Ca, did not change. For completeness 
measures of cerebral blood flow autoregulation, the mean 
index, Mx, and the pressure reactivity index, PRx, were also 
added, showing in both cases intact reactivity at both levels 
of CO2, with no significant difference between the two lev-
els. Also, the diastolic closing margin (DCM), defined as the 
difference between the diastolic arterial blood pressure and 
CrCP, was calculated at both levels, and the difference was 
found to be non-significant.

 Discussion

The increase in ventilation led to a state of mild hypocapnia 
in all cases. As expected, this produced a decrease in both 
ICP and TCD blood FV, evidence of induced vasoconstriction. 

Not surprisingly, the compliance of the CSF space (Ci) 
increased significantly because of the decrease in the cere-
bral blood volume. Cerebrovascular time constant τ also 
increased, despite the opposing behaviour of Ra and Ca. The 
former increased as a direct effect of the vasoconstriction 
whereas the latter decreased in individual cases, but as a 
group statistically not significantly, and in all cases, the 
change in Ra prevailed over the change in Ca. Similarly, WT 
and ICP changed in the opposite direction, with WT increas-
ing significantly during the hypocapnia period. In this case, 
however, those opposite effects were largely balanced out; 
thus, the resulting critical closing pressure, being the sum of 
WT and ICP, decreased only a little, though statistically 
significantly.

What is even more important is that the diastolic closing 
margin (DCM), which provides a “safety” window for arte-
rial blood pressure before the first ischaemic threshold for 
the cerebral blood flow is reached during the diastolic phase 
of the heart cycle, not only did not decrease but even showed 
a tendency to increase.

It is also worth noting that cerebral autoregulation was not 
significantly affected by this low degree of hypocapnia. The 
pressure reactivity index (Prx) showed a general tendency 
towards a slight improvement, but the mean flow index (Mx) 
did not change at all.
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Of course, these global measures still do not necessarily 
reflect what happens in local, vulnerable areas of the injured 
brain. However, the finding that the increase in ventilation 
induced mild hypocapnia caused a reduction in ICP. There 
was no evidence of any other accompanying significant hae-
modynamic consequences, though, which seems to suggest 
that the use of the mild form of hypocapnia might indeed be 
a safe option. This is because it is unlikely to produce the 
adverse effects observed under conditions of pronounced 
hypocapnia.

Last, the authors would like to accentuate the usefulness 
of the presented methodology for a more thorough interpre-
tation of the TCD measurements. This sort of analysis pro-
viding clinically important additional insights into the 
cerebral haemodynamics would have not been possible with-
out the support of dedicated real-time analysis software such 
as ICM+.

 Conclusions

During hypocapnia in TBI patients, ICP decreases and WT 
increases. CrCP increases slightly as the rise in wall tension 
outweighs the decrease in ICP. Closing margins remained 

unchanged, suggesting that the risk of hypocapnia-induced 
ischaemia might be low.
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Table 1 Mean values (and standard deviations) of all the studied haemodynamic parameters at baseline and during the hypocapnia period

Variable Unit

Baseline Hypocapnia

Change p valueMean SD Mean SD

PaCO2 kPa 5.22 0.34 4.89 0.331 Down 0.027

ABP mmHg 106.24 9.50 109.47 12.05 Up 0.022

ICP mmHg 19.73 6.80 15.48 6.38 Down <0.0001

FV cm/s 113.16 36.22 103.54 30.37 Down <0.0001

CPP mmHg 86.50 8.73 94.00 11.76 Up <0.0001

HR 1/min 69.25 16.31 69.64 15.47 0.474

τ (=Ra⋅Ca) s 0.046 0.038 0.058 0.04 Up <0.0001

CrCP mmHg 24.20 10.50 22.59 11.21 Down 0.003

WT mmHg 4.47 7.80 7.12 9.24 Up <0.0001

Mx 0.056 0.316 0.110 0.254 0.237

PRx −0.073 0.25 −0.362 0.187 0.372

DCMa mmHg 56.04 8.61 60.15 10.17 0.098

Ca cm/mmHg 0.053 0.026 0.055 0.025 0.247

Ra mmHg/(cm/s) 0.877 0.77 1.07 0.83 Up <0.0001

Ci cm/mmHg 0.581 0.709 0.987 1.03 Up <0.0001
aDiastolic closing margin (DCM), is defined as ABPdiastolic − CrCP
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Abstract Objectives: Optimal cerebral perfusion pressure 
(CPPopt) is a concept that uses the pressure reactivity (PRx)–
CPP relationship over a given period to find a value of CPP 
at which PRx shows best autoregulation. It has been pro-
posed that this relationship be modelled by a U-shaped 
curve, where the minimum is interpreted as being the CPP 
value that corresponds to the strongest autoregulation. Owing 
to the nature of the calculation and the signals involved in it, 
the occurrence of CPPopt curves generated by non- 
physiological variations of intracranial pressure (ICP) and 
arterial blood pressure (ABP), termed here “false positives”, 
is possible. Such random occurrences would artificially 
increase the yield of CPPopt values and decrease the reliabil-
ity of the methodology.

In this work, we studied the probability of the random 
occurrence of false-positives and we compared the effect of 
the parameters used for CPPopt calculation on this 
probability.

Materials and methods: To simulate the occurrence of 
false-positives, uncorrelated ICP and ABP time series were 
generated by destroying the relationship between the waves 
in real recordings. The CPPopt algorithm was then applied to 
these new series and the number of false-positives was 
counted for different values of the algorithm’s parameters.

Results: The percentage of CPPopt curves generated from 
uncorrelated data was demonstrated to be 11.5%.

Conclusion: This value can be minimised by tuning some 
of the calculation parameters, such as increasing the calcula-
tion window and increasing the minimum PRx span accepted 
on the curve.

Keywords Optimal CPP · Pressure reactivity · PRx · ICM+ 
· Brain trauma · Brain monitoring · Neuro-critical care

 Introduction

The rise in computer-assisted patient monitoring in neuro- 
critical care units has demonstrated the inherent heterogene-
ity of traumatic brain injury and the importance of developing 
individualised therapies, tailored for each individual patient 
to better target this condition.

One of the popular strategies for the management of these 
patients is careful control of cerebral perfusion pressure (CPP) 
by following a generalised CPP management protocol, includ-
ing fixed population-based CPP targets. In recent years, a new 
technique, intended to individualise CPP targets, has been 
increasing in popularity amongst the clinical research commu-
nity [1]. This technique, called optimal CPP (CPPopt), makes 
use of continuous computerised patient monitoring to access 
the state of autoregulation of the patient by calculating the well-
established pressure reactivity index (PRx) and analysing its 
relationship to CPP. It has been demonstrated that the PRx–
CPP characteristics can be modelled by an approximately 
U-shaped curve, where the minimum of the curve (lowest aver-
age PRx) is associated with a value of CPP corresponding to a 
point where the cerebral autoregulation is the most active.

Despite the promising nature of the technique, it has 
received some criticism because the parameters being com-
pared are derived from the same primary variables, arterial 
blood pressure (ABP) and intracranial pressure (ICP), with 
PRx being the result of Pearson’s correlation of mean values 
of ABP and ICP and CPP being the difference between the two. 
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Therefore, the often-observed U-shaped relationship could 
simply be statistically favoured.

Another problem that plagues the method is its blindness to 
nursing-related artefacts that affect the time trends being used 
for the calculation in non-physiological ways. The effect of 
these artefacts may be that U-shaped curves are not related to 
the true underlying physiology, and thus generate false CPP 
targets. These in turn would lead to the erratic (highly vari-
able) appearance of the CPPopt time trends, thus reducing the 
clinician’s overall confidence in the methodology, or at worst 
it may misguide management of the patient.

In this project, we have set out to study the alleged favou-
ritism of the algorithm for generating U-shaped curves by 
calculating CPPopt from uncorrelated, surrogate time trends 
of ICP and ABP, in which any physiological relationship was 
destroyed. In addition, influence of the individual parameters 
of the current algorithm on the rate of appearance of false 
CPPopt curves was also studied.

 Materials and Methods

The CPPopt algorithm implemented in this project follows 
the method presented in Aries et al. [1] and is summarised in 
Fig. 1.

Uncorrelated ABP and ICP time series were generated 
using original data recorded at full waveform resolution 
using ICM+ software [2] from 280 traumatic brain injury 
patients admitted to the Neuro-Critical Care Unit, 
Addenbrooke’s Hospital, Cambridge. Patient monitoring 
was approved by the Ethics Committee (REC97/291). 
Minute-by-minute values of CPP and PRx were calculated in 
ICM+ and then further processed in MATLAB.

The inherent correlation of the two time series was 
destroyed by applying a fast Fourier transform (FFT) to ICP, 
scrambling its phase and applying the inverse FFT to the 
result. By using this method, any correlation between the 
signals was eliminated whilst keeping the signal within 
physiological ranges and dynamics.

To test the occurrence of stand-alone curves of CPPopt, 
the following protocol was devised:
 1. Randomly pick a chunk of n hours of ICP and ABP from 

the raw data
 2. Destroy the correlation using the method described above
 3. Calculate CPP and PRx
 4. Calculate a CPPopt curve
 5. Save 1 if there is a U-shaped curve present and accepted, 

0 otherwise
 6. Repeat 10,000 times

This protocol was first applied using the most accepted 
values for the CPPopt calculation parameters proposed in 

Fig. 1 Top: Optimal cerebral perfusion pressure (CPPopt) calculation 
algorithm. (1) Pressure reactivity (Prx) values from the last n hours (a) 
are normalised by the Fisher transform and distributed into “bins” of 
corresponding CPP values. (2) Number of bins calculated using pre- 
configured lower (f) and upper (g) limit of CPP and the bin width (e). 
(3) The bins that do not contain a minimum percentage of data (d) 
stored in them are eliminated (bins < 50 and bins with a centre value of 

57.5. (4) Bins with median values of PRx generating rising left edges 
and falling right edges are also eliminated (bin 52.5). (5) The remaining 
bins must contain a minimum percentage of total data held (b) for the 
calculation to proceed. (6) A 2nd order polynomial curve is fitted to the 
bin mean values. (7) The curve is accepted if it has a positive concavity 
and if the PRx span (c) is higher than the minimum accepted. Bottom: 
some examples of CPPopt curves generated with noise
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Aries et al. [1] (highlighted in Table 1) and then repeated 
with the parameters adjusted in steps, one at a time (Table 1).

Last, the percentage of occurrence of “false positive” 
CPPopt curves (i.e. the false yield) in individual patient 
recordings was also tested using the following protocol:
 1. Select a random patient from the pool of 280 recordings
 2. Destroy the correlation of ICP and ABP
 3. Calculate the CPPopt curves for the whole file in sliding 

windows of 60 s
Save 1 if a U-shape curve is present at a given moment, 

0 otherwise
 4. Calculate the percentage of curves present in the analysed 

file
 5. Repeat 100 times
 6. Calculate the average percentage of CPPopt curves of the 

group of files
To compare the performance of protocol 2 in relation to 

optimal CPP calculated in real data, the calculations were 
repeated without the step where correlation is destroyed.

 Results

The probability of generating a CPPopt curve from stand-
alone uncorrelated curves was 11.5%. Table 1 presents the 
probabilities of generating CPPopt curves when varying val-
ues of the calculation parameters for both protocols and for 
protocol 2 with real data. The highlighted results were 
obtained using parameters with the values as recommended 
in Aries et al. [1]. Examples of accepted U-shaped curves 
generated with uncorrelated data are presented in Fig. 1.

 Discussion

The tests carried out showed that the probability of generat-
ing acceptable CPPopt curves from uncorrelated time series 
(11.5%) is low, but this effect cannot be neglected and mea-
sures should be taken to minimise its occurrence.

Table 1 Results of the application of the calculation protocols on the data for each parameter combination tested

Calculation parameter Value ranges

(a) Calculation window 
size

Values range 2 4 8 12

Protocol 1 16.3 11.7 6.1 3.6

Protocol 2 17.2 (0–84.7) 11.3 (0–98.2) 5.2 (0–62.9) 3.1 (0–87.9)

Real CPPopt yield 24.4 (1.3–55.8) 23.5 (0.1–47.1) 22.6 (0–60.1) 23.9 (0–84.4)

(b) Percentage of total 
data

Values range 40 50 60 70 80

Protocol 1 12.0 11.9 11.3 10.6 9.4

Protocol 2 11.1 (0–59.3) 10.4 (0–94.1) 9.49 (0–40.4) 8.56 (0–38.8) 9.52 (0–49.7)

Real CPPopt yield 23.8 (0.1–47.1) 23.5 (0.1–47.1) 22.6 (0.1–47.1) 21.5 (0.0–47.1) 19.9 (0.0–46.9)

(c) Minimum PRx span Values range 0.1 0.2 0.3 0.4 0.5

Protocol 1 18.5 11.7 5.4 2.0 0.7

Protocol 2 17.4 (0–76.5) 11.7 (0–53.2) 4.3 (0–21.0) 1.7 (0–25.3) 0.4 (0–4.1)

Real CPPopt yield 27.3 (8.9–49.2) 23.5 (0.1–47.1) 18.8 (0.0–45.9) 14.5 (0.0–44.5) 9.8 (0.0–34.5)

(d) Percentage of total 
PRx/Bin

Values range 1 2 3 4

Protocol 1 19.3 11.8 5.9 3.6

Protocol 2 17.3 (0–56.6) 10.1 (0–35.3) 5.4 (0–30.7) 2.9 (0–12.8)

Real CPPopt yield 33.6 (0.2–60.8) 23.5 (0.1–47.1) 13.0 (0.1–26.5) 7.8 (0.0–21.9)

(e) Bin size Values range 2.5 5 10

Protocol 1 12.8 11.8 1.6

Protocol 2 10.5 (0–44.5) 11.3 (0–64.7) 9.7 (0–16.0)

Real CPPopt yield 25.5 (0.1–56.0) 23.5 (0.1–47.1) 1.3 (0.0–4.7)

(f) Lower CPP limit and 
(g) upper CPP limit

Values range 40/120 50/100

Protocol 1 12.3 11.9

Protocol 2 11.1 (0–52.5) 10.7 (0–67.5)

Real CPPopt yield 25.8 (1.4–63.1) 23.5 (0.1–47.1)

PRx pressure reactivity index, CPP cerebral perfusion pressure
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The discrepancy in yield of CPPopt on recordings from real 
patients between the result found in Aries et al., (55%) [1], and 
the result obtained in this study (23.5%) can be explained by 
the fact that we only considered pure U-shaped curves and not 
monotonically ascending or descending parts of the curve. 
Another factor was that the data used here were not “cleaned,” 
meaning that gaps and artefacts were still present at the time of 
the calculations.

Analysis of the sensitivity of the algorithm’s false- positive 
yield rate to the value of its parameters showed that the total 
percentage of data (b) in the bins and the CPP limits (f) and (g) 
do not affect the yield of false-positives. The parameters that 
seem to have the most preventive effect on the spontaneous 
calculation of valid CPPopt values are the minimum PRx span 
(c) and the duration of calculating window (a). Making these 
parameters stricter will not considerably affect the perfor-
mance of the algorithm in correlated data, but would decrease 
the yield of false-positives in the calculations. Increasing the 
minimum percentage of data in each bin (d) also has a preven-
tive effect on the yield of false-positives, but also considerably 
affects the yield when using real data. The bin size (e) is the 
worst parameter to tune because decreasing the size of the bin 
does not affect the yield and increasing it is more destructive 
to the yield in real data than in uncorrelated data.

Although visually scrutinising the CPPopt curves gener-
ated with uncorrelated data (Fig. 1), the poor quality of fit of 
the generated curves became immediately evident as the 
mean values for each bin are very erratic and tend not to fol-
low the U-shaped format. It is also quickly noted that the 
PRx span is at the minimum in most of the curves and proof 
of this is the big fall in the percentage of accepted CPPopt 
curves when using a higher minimum PRx span (1.7% when 
the minimum span is 0.4).

It is also important not to rely solely on the calculated 
CPPopt values alone, but to take into consideration the his-

torical values in addition to other related parameters, such as 
PRx at CPPopt, and their time profile. Visual inspection of 
the CPPopt charts, and perhaps other forms of CPPopt visu-
alisation, should also help a great deal to discard suspicious 
curve fitting.

 Conclusions

We have shown that it is possible to generate CPPopt curves 
using uncorrelated data. However, the probability of such 
false-positives is low, but not negligible and should be taken 
into account when choosing the parameters for CPPopt cal-
culation. The results also show the importance of annota-
tions in the data that could flag moments when CPPopt 
calculations might be unreliable.
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Abstract Objectives: The detection of increasing intracra-
nial pressure (ICP) is important in preventing secondary 
brain injuries. Before mean ICP increases critically, transient 
ICP elevations may be observed. We have observed ICP tran-
sients of less than 10 min duration ,which occurred simulta-
neously with transient increases in heart rate (HR). These 
simultaneous events in HR and ICP suggest a direct interac-
tion or communication between the heart and the brain. 
Methods: This chapter describes four mathematical methods 
and their applicability in detecting the above heart–brain 
cross-talk events during long-term monitoring of 
ICP. Results: Recurrence plots, cross-correlation function 
and wavelet analysis confirmed the relationship between ICP 
and HR time series. Using the peaks detection algorithm 
with a sliding window approach we found an average of 37 
cross-talk events (± SD 39). The number of events detected 
varied among patients, from 1 to more than 150 events. 

Conclusion: Our analysis suggested that the peaks detection 
algorithm based on a sliding window approach is feasible for 
detecting simultaneous peaks, e.g. cross-talk events in the 
ICP and HR signals.

Keywords Intracranial pressure · Heart rate · Cross-talk · 
Recurrence plots · Wavelet analysis · Peaks detection

 Introduction

Intracranial pressure (ICP) after severe brain injuries or simi-
lar life-threatening conditions can be continuously moni-
tored [1]. The ICP signal contains useful information for 
predicting critical conditions such as intracranial hyperten-
sion. So far, monitoring approaches are focusing mainly on 
the relationship between arterial blood pressure and intracra-
nial pressure. There are however, transient elevations of heart 
rate (HR) and ICP, which occur simultaneously. These tran-
sients appear variable in rate and intensity. Our hypothesis, 
therefore, is that these “cross-talk” events in the HR–ICP 
relationship can be quantified via methods of complex event 
processing. There are only a few papers modelling the 
dynamics of intracranial pressure. Hu et al. for instance, pre-
sented an estimation algorithm based on a hidden state esti-
mation approach and nonlinear Kalman filters to estimate 
unobserved variables in the monitoring data of ICP and cere-
bral blood flow velocity (CBFV) [2]. Various methods have 
been applied to investigate the interrelationship between ICP 
and cardiovascular parameters. Hu et al. also presented 
ApEN, an algorithm based on the adaptive calculation of 
approximate entropy, integrated with a causal coherence 
analysis that is able to exploit the potential interaction 
between ICP and R wave intervals [3]. The same authors 
have shown that causal spectral measures and generalised 
synchronisation measures can be used to extract indices from 
beat-to-beat mean intracranial pressure measurements and 
intervals between consecutive normal sinus heart beats (ICP 
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and RR intervals; [4]). To systematically detect simultaneous 
transients in HR and ICP, e.g., cross-talk events from our 
initially described observations, we applied different mathe-
matical methodologies to identify the relationships between 
the two time series. We then implemented a sliding window 
approach to detect simultaneous HR and ICP peaks (see sec-
tion “Peaks Detection Algorithm: A Sliding Window 
Approach”), obtaining promising results.

 Monitoring Data

The data in this study were collected prospectively from 27 
pediatric TBI patients admitted to Addenbrooke’s Hospital, 
Cambridge, Pediatric Intensive Care Unit (PICU) between 
August 2012 and December 2014. Consecutive TBI patients 
with a clinical need for ICP monitoring were included for 
analysis. The insertion of an intracranial monitoring device 
is part of routine clinical practice and as such did not require 
ethical approval. The data are routinely collected for clinical 
purposes and guide the management of patients. The analy-
sis of data within this study for the purposes of service evalu-
ation was approved by the Cambridge University Hospital 
NHS Trust, Audit and Service Evaluation Department (Ref: 
2143) and did not require ethical approval or patient consent. 
ABP mean arterial pressure was measured in mmHg, heart 
rate (HR) in Hz and intracranial pressure (ICP) in mmHg. 
The data sampling rate was 200 Hz.

 Methods

We describe in this section the methods used for performing 
the analysis of the two time series and to study the behaviour 
of the ICP with regard to the HR. In the following section we 
describe the results obtained.

 Recurrence Plots

We used recurrence plots (RP) to further analyse nonlinear 
dynamics simultaneously occurring in ICP and HR time 
series. The data are visualised through a graph in a square 
matrix (column and rows represent a pair of times). The ele-
ments represent the time points at which a specific state of 
the dynamical system recurred [5]. In mathematical terms, 
RP represents the time stamps in which the phase space tra-
jectory of the system under consideration passes through the 
same area in the phase space [6]. In recurrence plots there are 
two parameters to be fixed, the so-called d and m: the time 

delay and the embedding dimension respectively [7]. This is 
in fact derived from recurrence plots theories and the way in 
which the time series is represented in the phase space. In 
particular, the mathematical description comes from Takens’ 
embedding theorem. For details on the theorem please see 
Takens [8].

 Cross-Correlation Function and Wavelet 
Analysis

In signal theory, cross-correlation represents the similarity 
between two signals, as a function of the shift or temporal 
translation applied to one of the two signals [9]. In particular, 
if g and f are two continuous functions, the cross-correlation 
is defined as:

 
f g f t g t dt⊗( )( ) = ( ) +( )

−∞

∞
∗∫τ τ .

 

where f∗ is the complex conjugate of f and τ is the time 
displacement.

Another methodology we used to understand the behav-
iour of the system is wavelet analysis. The method is based 
on the decomposition of a time series into the time–fre-
quency space. This allows us to determine and study the vari-
ability of a given time series and its behaviour. In particular, 
the continuous wavelet transform (CWT) is able to decom-
pose the time series in the time–frequency domain by con-
volving the time series with a scaled and translated form of 
the so-called mother wavelet function, a continuous function 
both in frequency and time domain [10, 11]. The wavelet 
coherence method determines and visualises areas with a 
high common power (i.e. high common correlation) between 
time series [12]. Wavelet coherence analysis is based on the 
CWT. The CTW given scaling factor α ∈ ℝ+ and a value for 
translation β ∈ ℝ is defined as:
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where Ψ(t) is the mother wavelet. Ψ(t)∗ is the complex con-
jugate of the mother wavelet function.

 Peaks Detection Algorithm: A Sliding 
Window Approach

After the relationship between the ICP and HR time series 
was confirmed, the next step was to implement a peak detec-
tion algorithm to systematically collect the ICP-HR cross- 
talk events from initial observations (as shown in Fig. 1). We 
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first followed the algorithm suggested in Palshikar [13]. Our 
aim was to find visual correlations between peaks happening 
in the ICP and in the HR series and to consider the temporal 
correlation between events. To take into account the fact that 
both time series originate from biological systems, we imple-
mented a peaks detection algorithm based on a naive sliding 
window approach. This algorithm works as follows:

 1. Consider two time series X = x1, x2, x3, …, xT and 
Y = y1, y2, y3, …, yT (which in our case are the HR and ICP 
time series)

 2. Consider a window W of length L (in our case we consid-
ered a window with a dimension of 10 min)

 3. Consider all the simultaneous sub-windows of length (L) 
in the two time series x and y

 4. If the maximum value in the i-th time window considered 
is at least a 20% increase with regard to the minimum value 
in this time window, and if after the maximum value, there 
is a decrease of at least 20%, then a peak is detected.

 5. If in both time series such a peak is detected, then a cross- 
talk event is registered in that particular time window.

 Results

As a starting point of our analysis, we first plotted the time 
series for each patient, to visually explore ICP–HR cross- 
talk events. Figure 1 is an sample plot of ICP and HR time 
series monitored from a patient in our cohort. Figure 1 show 
several simultaneous transients in ICP and HR. The ICP time 
series is coloured in blue, whereas the HR is red and several 
peaks appear to take place in the same time window (i.e. 
cross-talk events). Starting from this visual observation, we 
further analysed such cross-talk events, using several statisti-
cal and time series analysis approaches, such as recurrence 
plots, cross-correlation function, wavelet analysis and peak 
detection algorithms.

We used recurrence plots to explore the behaviour of the 
two time series, as explained in section “Methods”. In 
Fig. 2a, b, the black dots represent recurrent points and the 
lines parallel to the diagonal line show the determinism of 
the system. This happens both for the ICP and HR and is 
coherent with the nature of the two signals. Moreover, the 
two recurrent plots look quite similar, suggesting our hypoth-
esis of an interaction between the two time series considered. 
The presence of parallel lines and similarity between the HR 
and ICP were verified in the plots of 27 patients from the 
cohort.

We then performed the cross-correlation function between 
the two time series ICP and HR. Figure 3c exemplifies the 
correlation between the two time series and provides further 
support for the hypothesis of an interdependency between 
the two signals.

In Table 1, we report the Pearson correlation coefficient 
between the ICP and HR for the 27 patients available.

We then performed wavelet analysis on the ICP and HR 
time series of 27 patients. Before performing this analysis, 
we checked for the normality of the two time series consider-
ing the Shapiro–Wilk test for normality. As the test showed 
normality of the data proposed, we performed the wavelet 
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red) behaviour in a day time span of a patient in our cohort. As we can 
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Fig. 2 Recurrence plots for a patient in our cohort for (a) ICP and (b) 
HR. The parameters used for the recurrence plots were (d = 2 and 
m = 3, where m is the embedding dimension and d is the delay. Those 
two parameters are needed for setting the time window in which the 
recurrence of the system is analysed using the recurrence plot method.). 
See Marwan et al. [5] for details

Simultaneous Transients of Intracranial Pressure and Heart Rate in Traumatic Brain Injury: Methods of Analysis



150

coherence between HR and ICP time series, as shown in 
Fig. 3d. The resulting plot shows particularly interesting 
characteristics. In fact, it identifies regions (in red) where the 

two signals show high correlation, and it also tells us in 
which time instants such a correlation happens. This is par-
ticularly useful for our analysis, because we are looking for 
a correlation in particular time instances (i.e. when peaks 
occur). Moreover, we performed two additional analyses 
with wavelets, in particular, wavelet correlations and wavelet 
clustering. The wavelets showed a high correlation between 
the ICP and HR, as we can see from Fig. 3a, where the red 
parts indicate the presence of highly correlated episodes. In 
the case of clustering, we have so far analysed the wavelet 
power clustering considering three time series, HR, ICP and 
HRVLF/HF. As we can see from Fig. 3b, the ICP and HR 
time series are clustered together (1 and 2 in the tree) and 
further away from the frequency domain-derived parameter, 
LF/HF ratio, supporting even further our hypothesis about 
the similarity between HR and ICP behaviours.

Finally, we applied our sliding window approach to detect 
cross-talk events between ICP and HR described in section 
“Peaks Detection Algorithm: A Sliding Window Approach”. 
This enabled us to identify multiple cross-talk events hap-
pening in the HR and ICP time series. We found an average 
of 37 cross-talk events (±SD 39).

The number of events detected varied among patients, 
from 1 to more than 150 events (Table 2).

 Discussion and Conclusions

This analysis was performed with no a priori regard for a pos-
sible relationship between HR and ICP. The 27 records of 
monitored data are consecutive samples of pediatric patients 
admitted to Addenbrooke’s Hospital, Cambridge. We per-
formed a series of correlation analyses and tests to understand 
the behaviour and the relationship between peaks happening 
in the ICP and HR. The two parameters were obtained inde-
pendently one from the other and with no previous assumption 
regarding the causal relationship or behavioural relationship 
between the two time series. Recurrence plots, cross-correla-
tion function and wavelet analysis confirmed the relationship 
between ICP and HR time series. These were performed as 
part of a preliminary analysis to understand if the two time 
series correlated and showed similar behaviours.

In a first instance, we applied recurrence plots analysis to 
study the determinism and behaviour of each individual time 
series (ICP and HR considered separately). We then intro-
duced wavelet analysis to study the interaction between HR 
and ICP. Using wavelet coherence and cross wavelets, we 
were able to understand that correlated behaviours were occur-
ring. We also obtained the Pearson correlation coefficients, 
which allowed us to evaluate even further the presence of a 
correlation between the ICP and HR series of each patient. As 
a next step, we implemented a sliding window peaks detection 
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algorithm. With this algorithm, we were able to detect the 
cross-talk events happening in the two time series for each 
patient. The sliding window peaks detection algorithm 
detected a significant number of cross-talk-events using the 
peaks detection algorithm. Using a sliding window approach, 
we found an average number of simultaneous peaks in HR and 
ICP. We found an average of 37 cross-talk-events (±SD 39).

The results showed that a peaks extraction method may be 
a feasible approach for the automated detection of simultane-
ous peaks in HR and ICP. On the one hand, however, we do 
not know about a causal relationship between the transient 
elevations of HR and ICP. Hence, further work will include the 
analysis of the time series using the Granger causality method, 
trying to understand the causality of correlations between the 
ICP and HR time series. When considering the inter-individ-
ual variations in the number of cross-talks events, on the other 
hand, influencing factors such as the pressure–volume reserve 
or the autonomic nervous activity should be analysed as well. 
Therefore, we are currently extending our analysis, investigat-
ing the relationship between ICP–HR cross-talk events and 
measures derived from time- and frequency domains.
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Table 1 Pearson correlation coefficient of the 27 patients between intracranial pressure (ICP) and heart rate (HR)

P1 P2 P3 P4 P5 P6 P7 P8 P9

0.46 −0.1 0.01 −0.50 0.17 −0.02 0.11 0.33 −0.22

P10 P11 P12 P13 P14 P15 P16 P17 P18

−0.01 0.10 0.12 0.31 0.40 0.23 0.04 0.11 0.24

P19 P20 P21 P22 P23 P24 P25 P26 P27

0.24 −0.13 −0.39 0.09 0.47 0.30 −0.6 0.09 −0.32

P patient

Table 2 Number of HR–ICP cross-talk events detected for each 
patient

P1 P2 P3 P4 P5 P6 P7 P8 P9

17 32 65 20 1 23 22 43 55

P10 P11 P12 P13 P14 P15 P16 P17 P18

67 20 142 27 29 7 35 2 0

P19 P20 P21 P22 P23 P24 P25 P26 P27

1 19 188 55 2 15 0 14 17

Simultaneous Transients of Intracranial Pressure and Heart Rate in Traumatic Brain Injury: Methods of Analysis
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Abstract Objective:  To devise an appropriate measure of 
the quality of a magnetic resonance imaging (MRI) signal 
for the assessment of dynamic cerebral autoregulation, and 
propose simple strategies to improve its quality.

Materials and methods: Magnetic resonance images of 11 
healthy subjects were scanned during a transient decrease in 
arterial blood pressure (BP). Mean signals were extracted 
from non-overlapping brain regions for each image. An ad-
hoc contrast-to-noise ratio (CNR) was used to evaluate the 
quality of these regional signals. Global mean signals were 
obtained by averaging the set of regional signals resulting 
after applying a Hampel filter and discarding a proportion of 
the lower quality component signals.

Results: Significant improvements in CNR values of 
global mean signals were obtained, whilst maintaining sig-
nificant correlation with the original ones. A Hampel filter 
with a small moving window and a low rejection threshold 
combined with a selection of the 50% component signals 
seems a recommendable option.

Conclusions: This work has demonstrated the possibility 
of improving the quality of MRI signals acquired during 
transient drops in BP. This approach needs validation at a 
voxel level, which could help to consolidate MRI as a tech-
nological alternative to the standard techniques for the study 
of cerebral autoregulation.

Keywords Dynamic cerebral autoregulation · Magnetic 
resonance imaging · Contrast-to-noise ratio · Hampel filter

 Introduction

Using magnetic resonance imaging (MRI) as an alternative 
to the standard transcranial Doppler (TCD) approach to 
assess dynamic cerebral autoregulation (dCA) is under 
investigation. The similarity between the time courses of the 
signal recorded with TCD and the MRI signal was estab-
lished for healthy subjects in Saeed et al. [1]. A mean map of 
dCA efficiency for a group of healthy subjects was presented 
in Horsfield et al. [2]. More recently, the use of hemispheric 
TCD signals and hemispheric MRI signals to discriminate 
between healthy and acute ischaemic stroke populations was 
investigated in Panerai et al. [3]. However, as reported in the 
most recent study, many time courses were excluded from 
the analysis, mostly from stroke patients, by a panel of four 
of the authors who visually inspected the signals on a com-
puter screen, because they presented large artefacts or they 
did not show the expected temporal pattern, reflecting a sud-
den drop in arterial blood pressure (BP).

The MRI-based method of evaluating dCA efficiency pro-
posed in Horsfield et al. [2] resembles the functional MRI 
paradigm (fMRI) of cognitive neuroimaging studies. Both 
approaches seek variations in the blood-oxygen-level- 
dependent (BOLD) contrast as a surrogate of changes in 
cerebral blood flow. Although in fMRI, the goal is to identify 
an increase in the BOLD signal in response to neuronal 
activity, the MRI-based dCA evaluation is aimed at detecting 
a drop in the BOLD signal in response to a slump in BP pro-
duced by the sudden release of inflated bilateral thigh cuffs 
(THCs). In both cases, the change in BOLD signal is rather 
small and transient, starting a few seconds after the stimulus 
and returning to baseline level over time.
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The signal of an individual voxel in an MRI image can be 
affected by BOLD fluctuations due to ghost images, blood flow 
artefacts in the vicinity of large vessels and, in particular, by 
spontaneous neuronal activity [4, 5]. Similar to the hemispheric 
MRI signals of Panerai et al. [3], regional indicators for the 
efficiency of cerebral autoregulation could be obtained from a 
dCA efficiency map by averaging the values of the hundreds or 
thousands of voxels that usually comprise the region of interest 
(ROI). Moreover, recognising and filtering out corrupted vox-
els in the ROI could yield less noisy regional signals or more 
accurate regional measures of dCA efficiency.

Two important questions arise from these observations, 
which are addressed in this study. First, it is necessary to 
devise a more objective and easily comparable measure of 
the quality of a signal time course than visual inspection. 
This measure must be applicable to the hundreds of thou-
sands of voxels in an MRI image and consider that spontane-
ous fluctuations should be limited, whereas the variation 
introduced by the THC deflation should be much larger and 
clear. Second, simple strategies must be proposed to further 
reduce common artefacts and improve the quality of the MRI 
signals at both voxel level and regional level.

 Materials and Methods

 Subjects and Data

Gradient-echo EPI sequences were used to scan the brains of 
11 healthy subjects at a rate of 1 Hz. During the initial 3 min, 
the subjects lay supine in the scanner with filled THCs. Then, 
a transient decrease in BP was provoked by the sudden defla-
tion of the THCs. The series continued until 240-s images 
were acquired. After the first run was completed, the THCs 
were re-inflated and the procedure was repeated twice more 
during a single session. The protocol is detailed in Saeed 
et al., Horsfield et al. and Panerai et al. [1–3] and the 33 
images considered in this study are the same as those used in 
Horsfield et al. [2]. The study was approved by the 
Leicestershire, Northamptonshire and Rutland Research 
Ethics Committee (REC 09/H0403/25) and all subjects gave 
written informed consent.

As it would be impossible to hand-inspect for improve-
ments in the quality of the signal of all voxels in a real situa-
tion, a more manageable simplification was used: the global 
mean signal of an image is the result of averaging regional 
mean signals that result from the applications of 32 masks of 
non-overlapping brain regions. In this way, a global mean 
signal can be compared before and after manipulating its 32 
component signals, which can also be examined to deter-
mine the effect on them of any proposed method.

 MRI Signal Quality

Contrast-to-noise ratio (CNR) has been found to be more 
suitable for fMRI than more traditional measures of signal 
quality [6, 7], as higher CNR values yield to better iden-
tification of the actual stimulus-related fluctuations and it 
encapsulates all relevant quality factors into a single and 
intuitive parameter [8]. There are different definitions and 
methods of estimating CNR, but all of them conceptual-
ise this parameter as the ratio between the amplitude of 
BOLD fluctuations produced by the stimulus and the vari-
ability of the noise over time [7, 8]. The definition used is 
CNR = A/σN. The estimation begins with the selection of 
two segments of the signal: the baseline samples bi are the 
10 signal values before the deflation of the THCs, and the 
response samples ri correspond to the 10 values between the 
3 s and 12 s after the THC deflation, in which the reaction 
to the stimulus is expected. The variability of the noise in 
the signal is the standard deviation of the baseline residuals: 
σN = sd(bi – mean(bi)), and the amplitude of the response 
to the stimulus is determined as the difference between the 
baseline value and the minimum signal value in the response 
segment: A = mean(bi) – min(bi). Thus, the clearer the 
response to the stimulus with regard to the observed noise, 
the higher the CNR value obtained. It must be noted that 
negative CNR values are possible when the signal exhibits 
an increase during the stimulus segment.

 Outlier Filtering

The estimation of CNR involves mean and standard devia-
tion values, which are both known to be sensitive to outli-
ers. In addition, artefacts in the form of “narrow spikes” 
(<3 s) have been reported in the signals under study [2, 3]. 
Thus, outliers must be dealt with to obtain reliable CNR 
values.

Filtering and denoising methods for fMRI have been 
intensely studied. Out of many options [4, 9], the Hampel 
filter was selected for this study as it is much simpler to 
compute, it does not require knowledge of the process 
model, it replaces only outliers, preserving all other infor-
mation in the signal, and it is often extremely effective in 
practice [10]. This filter has two parameters: k, the half-size 
of a moving window {s−k, …, s0, …, sk} to assess the “outli-
erness” of the centre sample s0, and the rejection threshold 
t0, so that s0 is replaced by the window’s median value when 
it is greater than t0 times the median absolute deviation scale 
of the window [10]. The combinations of several values for 
the parameters were tested: k = {2, 3, …, 9, 10} and t0 = {2.0, 
2.5, 3.0, 3.5, 4.0}.

J.L. Jara et al.
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 Low CNR Filtering

Low-quality component signals should have low CNR val-
ues with regard to the other component signals and they 
could be discarded when calculating mean signals. This 
CNR filter was added to the experiments filtering out 1\4, 
1\3, 1\2, 2\3 and 3\4 of the component signals with lowest 
CNR values. Using proportions to discard component sig-
nals allows the selection of the weak elements relative to the 
quality of all component signals, avoiding the need for a 
fixed threshold and securing a number of component signals 
to be averaged.

 Statistical Analysis

Mean signals of each of the 33 run images were calculated 
with the resulting component signals for each combina-
tion of a Hampel filter and a CNR filter. Resulting mean 
signals were compared with the original, unfiltered signal 
using the Spearman correlation coefficient and their sta-
tistical significance was tested. CNR values of the unfil-
tered mean signal and the three best combination of filters 
were compared using repeated-measures ANOVA and 
Tukey’s post hoc analysis when differences were found. 
In all cases, differences were considered significant with 
p < 0.05.

 Results

Table 1 summarises the results obtained. Every pair of filters 
evaluated yielded significant increments in the CNR values 
of global mean signals, producing improvements in 25 to all 
33 images, and at the same time maintaining significantly 
high correlations with the unfiltered version that range from 
0.85 to 0.97 approximately.

 Discussion

No inflexion point was observed for the effect of CNR filters 
and the larger the proportion of weak component signals disre-
garded, the higher the CNR value of the overall signal. Thus, 
the selection of this proportion is determined by the trade-off 
between this improvement in CNR values and how much of the 
original signal is to be preserved. The number of component 
signals should obviously be taken into consideration as well.

In general, the combination of a Hampel filter with a short 
moving window (2–3 s) and a low rejection threshold (2.0–
2.5) and a selection of the 50% of component signals seems 
a recommendable option that would yield 3.5–4.0 points 
increase in overall CNR value maintaining a mean correla-
tion coefficient over 0.9 with the original global mean sig-
nals. Figure 1 shows the application of the approach to one 
particular image.

Table 1 Results of the best three combinations for each proportion of component signals discarded

Hampel filter CNR values of the 33 global signals Correlation with original

CNR proportion k t0 Improved Median increase Mean increase Median Mean

25% 3 2.0 27 1.92 2.45 0.97 0.96

2 2.0 25 1.68 2.26 0.97 0.96

3 2.5 25 1.63 2.02 0.97 0.97

33% 2 2.0 30 2.32 2.73 0.96 0.94

3 2.0 29 2.21 3.03 0.96 0.95

4 2.0 29 2.06 3.02 0.96 0.95

50% 3 2.0 32 2.78 4.01 0.93 0.92

2 2.0 32 3.16 3.93 0.92 0.91

2 2.5 32 2.61 3.66 0.93 0.92

67% 3 2.0 33 4.28 5.53 0.90 0.88

2 2.0 33 4.37 5.51 0.91 0.88

2 2.5 33 4.28 4.89 0.92 0.89

75% 3 2.0 33 3.19 5.69 0.88 0.86

2 2.0 33 3.29 5.18 0.87 0.85

3 2.5 33 2.49 5.14 0.89 0.86

Increasing the Contrast-to-Noise Ratio of MRI Signals for Regional Assessment of Dynamic Cerebral Autoregulation



156

Although future work is needed to validate it, the 
approach seems scalable to voxel level, as both the Hampel 
filter and the CNR filter are not computationally expensive. 
If corrupted voxels can indeed be detected and filtered out, 
then more reliable measures of dCA efficiency could be 
obtained from particular regions of the brain, information 
that could have great potential in guiding the clinical man-
agement of diseases such as stroke and traumatic brain 
injury [2].

 Conclusions

This study has demonstrated the possibility of improving the 
quality of MRI signals, as measured by CNR, with the com-
bination of two simple filtering strategies. This approach 
could help to consolidate MRI as an alternative to the stan-
dard TCD technique for the assessment of dCA, with the 
clear advantage of obtaining information about regional vari-
ations that has been unavailable so far.
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Fig. 1 Examples of original (a, left) regional MRI signals that com-
pose the (a, right) global mean MRI signal of a subject. (b) The same 
signals are shown after filtering with the recommended approach. The 

final global mean MRI signal correlates significantly with the original 
one (rS = 0.863, p < 0.001)
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Abstract Objective: We analyzed the performance of linear 
and nonlinear models to assess dynamic cerebral autoregula-
tion (dCA) from spontaneous variations in healthy subjects 
and compared it with the use of two known maneuvers to 
abruptly change arterial blood pressure (BP): thigh cuffs and 
sit-to-stand.

Materials and methods: Cerebral blood flow velocity and 
BP were measured simultaneously at rest and while the 
maneuvers were performed in 20 healthy subjects. To ana-
lyze the spontaneous variations, we implemented two types 
of models using support vector machine (SVM): linear and 
nonlinear finite impulse response models. The classic auto-
regulation index (ARI) and the more recently proposed 
model-free ARI (mfARI) were used as measures of dCA. An 
ANOVA analysis was applied to compare the different meth-
ods and the coefficient of variation was calculated to evalu-
ate their variability.

Results: There are differences between indexes, but not 
between models and maneuvers. The mfARI index with the 
sit-to-stand maneuver shows the least variability.

Conclusions: Support vector machine modeling of spon-
taneous variation with the mfARI index could be used for the 
assessment of dCA as an alternative to maneuvers to intro-
duce large BP fluctuations.

Keywords Dynamic cerebral autoregulation · Spontaneous 
variations · Thigh cuff maneuver · Sit-to-stand maneuver · 
Support vector regression · Linear and nonlinear models

 Introduction

Dynamic cerebral autoregulation (dCA) is usually assessed by 
analyzing the cerebral blood flow velocity (CBFV) response 
signal to a change in arterial blood pressure (BP). There are 
several maneuvers for producing the BP stimulus, such as the 
sudden release of bilateral thigh cuffs [1, 2], varying the body 
posture [3, 4], the Valsalva maneuver, hand grip exercises and 
others that can induce significant transient changes in 
BP. However, these maneuvers are hard to implement in rou-
tine clinical practice, require patients’ cooperation, cause dis-
comfort, increase sympathetic activity or cannot be used in 
certain pathological conditions. Therefore, dCA should ide-
ally be assessed from the spontaneous BP-CBFV fluctuations 
of subjects at rest (baseline). For this, it is usual to use a system 
identification method to capture the relationship between BP 
and CBFV, and manipulate a parameter or introduce changes 
in the inputs (i.e., BP) to obtain the response signal (i.e., 
CBFV), which can then be assess using, for example, the clas-
sic autoregulation index (ARI) [5]. Unfortunately, the signal-
to-noise relationship in baseline signals has so far proved to be 
challenging for the adequate assessment of dCA.

The standard system identification method for evaluating 
dCA with baseline signals is transfer function analysis [6], whose 
potential has already been established, for example in Panerai 
et al. [7]. On the other hand, promising new methods that use 
nonlinear models of dCA have emerged [8, 9], but they have not 
been sufficiently compared with traditional BP maneuvers.

 Materials and Methods

 Subjects and Measurement

Twenty healthy subjects were recruited, aged between 21 
and 41 years (27.6 ± 5.4), with no history of cardiovascular 
pathological conditions, hypertension, epilepsy, aneurysms 
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or any other neurological disorder. The study was performed 
in the Biomedical Informatics Lab of the Departamento de 
Ingeniería Informática at the Universidad de Santiago de 
Chile. The study was approved by the university’s ethics 
committee and all subjects gave written informed consent.

After a period of resting, 5-min-long beat-to-beat non- 
invasive baseline BP and CBFV signals were obtained using 
a Finometer MIDI Finapres, on the contra-lateral middle fin-
ger, and a DWL Doppler Box system with 2 MHz transduc-
ers, on the middle cerebral arteries respectively. Both signals 
were then recorded while the subjects were subjected to thigh 
cuff maneuvers (as in [10]) and sit-to-stand maneuvers (as in 
Sorond et al. [11], only the period moving from sitting to 
standing position was analyzed). Hereafter, these maneuvers 
for manipulating BP are referred to as the THC and the 
STAND methods respectively. Signals were directly recorded 
in a computer, via the analog/digital converter of the Doppler 
box, for off-line preprocessing that yielded mean BP and 
CBFV signals re-sampled at 5 Hz using spline interpolation.

Models were built from the baseline signals re-sampled at 
2 Hz (see details below) and their step responses were 
obtained. dCA effectiveness was measured on the CBFV 
responses in all experimental conditions using classic 
ARI. In addition, we used a newer autoregulation index that 
does not make assumptions of linearity, as the classic ARI 
does [5], namely the model-free ARI (mfARI) [12]. Both 
indexes range between 0 (no autoregulation) and 9 (most 
effective autoregulation).

 Modeling

Models were built using support vector regression (SVR) 
[13] with BP as input and CBFV as output. Input time delays 
were introduced to obtain finite impulse response (FIR) 
dynamic models. Specifically, we procured linear (LFIR) 
and nonlinear models (NFIR) using the usual linear kernel 
and radial basis function kernel respectively. The number of 
time delays and the model’s hyper-parameters (ν, C, and, in 
the case of NFIR, σ) were set empirically by grid search. 
Twofold cross-validation was applied to select the models 
with the best test correlations. A smoothed inverted BP step 

was introduced to each model and the resulting step response 
was evaluated by an algorithm on how physiologically plau-
sible it looked and scored accordingly. The model with high-
est test correlation coefficient and highest plausibility score 
was chosen from each set of baseline signals.

 Statistics

Data normality was confirmed using the Shapiro–Wilk sta-
tistic. Paired comparisons between LFIR and NFIR models 
were made using the Student’s t test. Intra-subject variability 
of the four dCA assessment methods (THC, STAND, LFIR, 
and NFIR) were compared in terms of their standard devia-
tion normalized as a percentage of the mean, that is, their 
unbiased coefficient of variation (CoV). A global compari-
son of the four methods and the two autoregulation indexes 
was obtained with a two-way repeated-measures 
ANOVA. Tukey’s method was used for post-hoc analysis. In 
all tests, a value p < 0.05 was considered significant.

 Results

Good baseline recordings were procured for 19 out of the 20 
subjects, which allowed valid LFIR and NFIR models to be 
obtained. Mean ± SD values of the training parameters and 
goodness-of-fit are shown in Table 1. NFIR models achieved 
borderline-significantly higher test correlation coefficients 
(p = 0.051).

Figure 1 presents the ANOVA plot of means. No significant 
interaction was observed (p = 0.0801) and the factors were 
then analyzed individually, finding relevant differences 
between indexes (p < 0.001), but not between methods 
(p = 0.0841). Post-hoc analysis revealed that only a few com-
binations of method/index are dissimilar: THC/mfARI vs 
STAND/ARI, LFIR/ARI and NFIR/ARI (p = 0.003, p = 0.036, 
and p < 0.001 respectively) and STAND/mfARI vs STAND/
ARI and NFIR/ARI (p = 0.020 and p < 0.005 respectively).

Mean ± SD values of both autoregulation index and CoV 
are detailed in Table 2. mfARI consistently exhibited the best 

1 Corrected using the Greenhouse–Geisser procedure.

Table 1 Statistics for the training hyper-parameters and correlations of selected LFIR and NFIR models

Models np C σ ν Test CC

LFIR 10 [2–10] 28.5 ± 56.9 – 0.4 ± 0.3 0.67 ± 0.16

NFIR 10 [2–19] 3455.4 ± 4457.2 17.6 ± 13.8 0.5 ± 0.3 0.70 ± 0.13

Mode and range is reported for the number of input time delays (np). Mean ± SD for the other values
CC Pearson’s correlation coefficient
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intra-subject variability in every method. STAND/mfARI 
and NFIR/ARI are the combinations with the lowest and 
higher variations respectively.

 Discussion

Models were successfully acquired with high correlation lev-
els, of around 0.7, between the real CBFV signal and the 
models’ output. It should be noted that multi-step-ahead pre-
diction was applied in the evaluation; thus, the 2.5-min test 
signal was reproduced using exclusively the input BP signal.

The analysis of variance showed that significant differ-
ences were due to the autoregulation index utilized. mfARI 
achieved significantly higher values than the classic ARI in 
every method. High index values, on the upper half of the 
scale 0–9, were expected for the group of subjects studied, as 

none of them had neurological or cardiovascular problems, 
confirming the findings in Chacón et al. [12].

Considering measures with mfARI only, although models 
showed lower values, there was no significant difference 
between assessment methods (p > 0.164). Therefore, using 
mfARI, the efficiency of the dCA can be equivalently evalu-
ated with signals from two of the most frequently used 
maneuvers to perturb BP or from spontaneous variations at 
rest, with the clear advantage of being simpler to perform 
and applicable to a wider range of patients.

mfARI also exhibited the least variability. Nonetheless, 
the BP maneuvers obtained lower CoV values than the mod-
els, indicating that even though mfARI improved the discrim-
inatory ability of the models, the index could not completely 
eliminate the intra-subject variability of the latter.

Future studies are necessary. For instance, the age range 
should be broadened to include older subjects. Also, patho-
logical cases should be considered, to investigate the perfor-
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Fig. 1 Two-way ANOVA. Mean autoregulation index values for each method of assessing dynamic cerebral autoregulation (dCA; THC, STAND, 
LFIR, and NFIR) as measured with the classic ARI (dashed line) and mfARI (solid line)

Table 2 Autoregulation index mean ± SD values and coefficients of variation (CoV) for each combination of method–index

Autoregulation Index

Method

THC STAND FIR NFIR

mfARI Means ± SD 5.8 ± 1.4 5.7 ± 1.1 4.9 ± 1.5 4.7 ± 2.0

CoV 23.73% 19.30% 30.61% 42.55%

ARI Means ± SD 5.2 ± 1.4 4.0 ± 1.4 4.4 ± 2.2 3.8 ± 2.2

CoV 26.92% 35.00% 50.00% 57.90%
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mance of the proposed method–index pairs so as to recognize 
impaired dCA. Finally, a reliability study may be of great 
relevance, but this would require repeated measurements in 
both baseline and BP maneuver conditions [12].

 Conclusion

We have shown that SVR models built from spontaneous 
BP-CBFV fluctuations of healthy subjects at rest can mea-
sure dCA efficiency in a way that is statistically equivalent to 
two of the most commonly used methods based on maneu-
vers to produce large BP perturbations. We believe that con-
ducting a reproducibility analysis of the proposed methods is 
necessary.
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Abstract Objectives: Arterial hypertension is among the 
leading risks for mortality. This burden requires in hyperten-
sive patients the use of single, double or more antihyperten-
sive drugs. The relationship between intracranial pressure 
(ICP) and arterial blood pressure is complex and still under 
debate. The impact of antihypertensive drugs on ICP is 
unknown. We wanted to understand whether the use of anti-
hypertensive drugs has a significant influence on ICP and 
cerebrospinal fluid (CSF)/brain related parameters.

 Materials and methods: In a cohort of 95 patients with 
suspected normal pressure hydrocephalus, we prospectively 
collected drug details according to the Anatomical Therapeutic 
Chemical (ATC) classification. Lumbar infusion studies were 
performed. Using ICM+ software, we calculated at baseline 
and plateau ICP and pulse amplitude, resistance to CSF out-
flow, elastance, and pressure in the sagittal sinus and CSF 
production rate. We studied the influence of the administra-
tion of 1, 2, 3 or more antihypertensive drugs on ICP-derived 
parameters. We compared the data using Student’s and 
Mann–Whitney tests or Chi-squared and Fisher’s exact test.

Results: Elastance is significantly higher in patients with 
at least one antihypertensive drug compared with patients 
without medication. On the contrary, pressure volume index 
(PVI) is significantly decreased in patients with antihyper-
tensive drugs compared with patients not on these medica-

tions. However, the number of antihypertensive drugs does 
not seem to influence other ICP parameters.

Conclusions: Patients on antihypertensive drugs seem to 
have a stiffer brain than those not on them.

Keywords Antihypertensive drugs · Hypertension · Elastance 
· PVI · PSS

 Introduction

The interaction between intracranial pressure (ICP) and arte-
rial blood pressure (ABP) is complex and still ill-understood. 
Hypertension, i.e., high ABP, has no symptoms, but if not 
treated it can damage the kidneys, heart, and brain, with an 
increased risk of renal failure, myocardial infarction, and 
stroke. In that respect, hypertension is among the leading 
risks for mortality. Hence, lowering ABP reduces the risk, in 
particular, of stroke. Hence, antihypertensive drugs must 
influence directly or indirectly not only brain biomechanical 
characteristics but also ICP.

This burden of hypertension requires the use of one, two 
or more antihypertensive drugs. These drugs are classified 
by the Anatomical Therapeutic Chemical (ATC) system. 
This is an international system [1] that defines a drug as 
part of different groups according to the organ or system on 
which they act and their therapeutic, pharmacological, and 
chemical properties. Drugs are classified in groups at five 
different levels. The drugs are divided into 14 main groups 
(the first level, which is an alphabetic letter), with pharma-
cological/therapeutic subgroups (second level). The third 
and fourth levels are used to identify pharmacological sub-
groups when that is considered more appropriate than ther-
apeutic or chemical subgroups. Examples of the main 
groups: A alimentary tract and nutrition, B blood and blood 
forming organs, C cardiovascular system, D dermatologi-
cals, etc.… With regard to antihypertensive drugs, the most 
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common medications are angiotensin-converting enzyme 
(ATC C09A), angiotensin-2 receptor blockers (ATC C09C), 
calcium channel blockers (ATC C08), diuretics (ATC C03), 
and beta-blockers (ATC C07).

We hypothesize that the use of one or several antihyper-
tensive drugs might influence ICP and brain biomechanical 
characteristics.

 Materials and Methods

 Study Population

Our analysis was carried out in a prospective cohort of 95 
patients with suspected normal pressure hydrocephalus. We 
collected drug details according to the ATC classification. 
Thus, we classified patients according to the number of anti-
hypertensive drugs they take to compare the potential effects 
of these treatments on ICP and brain characteristics.

 Infusion Studies

Lumbar infusion studies were performed for every patient 
[2]. Using ICM+ software we analyzed nine parameters of 
cerebral hydrodynamics: baseline and plateau ICP, baseline 
and plateau of pulse amplitude, resistance to CSF outflow 
and an estimation of elastance, pressure volume index 
(PVI), pressure in the sagittal sinus (PSS), and CSF pro-
duction rate.

 Statistical Analysis

We studied the influence of antihypertensive drugs on the 
mean value of all nine parameters. For our statistical analy-
sis, we made two comparisons. The first one was between 
patients with 0–2 antihypertensive drugs and patients with 3 
or 4 antihypertensive drugs. The second one was between 
patients without treatment and patients with at least one anti-
hypertensive drug. Quantitative values were compared using 
Student’s test or Mann–Whitney test and qualitative values 
were compared using Chi-squared test or Fisher’s exact test.

 Results

Characteristics of the population are detailed in Table 1. 
Comparative overview shows that the two subpopulations 
have similar characteristics according to age, gender, and 
mean arterial blood pressure. Parameters of 84 patients with 
0, 1 or 2 antihypertensive drugs were compared with param-

Table 1 Subpopulation characteristics

0 to 2 
AHT 
drugs

3 to 4 
AHT 
drug

p No 
AHT 
drug

At 
least 1 
AHT 
drug

p

Average age 
(years)

74.45 75 0.75 74.52 74.5 0.99

Gender Male 42 9 0.095 19 32 0.14

Female 42 2 23 21

Mean arterial 
blood pressure 
(mmHG)

114 108 0.18 112 114 0.55

AHT antihypertensive

Table 2 Antihypertensive (AHT) drug influence on intracranial pressure (ICP) parameters

0 to 2 AHT drugs 3 to 4 AHT drugs p value No AHT drug At least 1 AHT 
drug

p valueMean ± SEM Mean ± SEM

ICP baseline (mmHg) 10.35 ± 0.3 10.78 ± 1.2 0.65 10.19 ± 0.5 10.3 ± 0.5 0.81

ICP plateau (mmHg) 28.7 ± 0.8 31.9 ± 1.9 0.25 29.5 ± 1.2 28.1 ± 1.1 0.36

AMP basal (mmHg) 0.96 ± 0.05 0.8 ± 0.12 0.52 0.95 ± 0.08 0.93 ± 0.06 0.84

AMP plateau (mmHg) 4 ± 0.2 4.6 ± 0.6 0.37 4.2 ± 0.3 3.9 ± 0.2 0.49

Resistance to CSF 
(mmHg × min/mL)

17.5 ± 1.3 19.1 ± 3.5 0.44 18.4 ± 1.8 15.6 ± 1.5 0.25

Elastance (1/mL) 0.22 ± 0.02 0.27 ± 0.06 0.36 0.16 ± 0.01 0.26 ± 0.03 0.001

PVI (mL) 15.2 ± 0.8 13.2 ± 2.4 0.46 17.8 ± 0.9 13.24 ± 1 0.021

PSS (mmHg) 1.3 ± 0.9 4.3 ± 1.9 0.31 2.42 ± 1.5 4.3 ± 0.8 <0.0001

CSF production rate (mL/
min)

0.77 ± 0.2 0.53 ± 0.22 0.14 1.1 ± 0.3 0.49 ± 0.07 0.054

AMP amplitude, PVI pressure volume index, PSS pressure in the sagittal sinus, CSF cerebrospinal fluid
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eters of 11 patients with 3 or 4 antihypertensive drugs. The 
number of antihypertensive drugs does not seem to be asso-
ciated with ICP parameters (Table 2, left panel).

However, the presence of at least one antihypertensive 
drug is significantly associated with an increased estimation 
of brain elastance compared with patients not taking antihy-
pertensive drugs (0.16 ± 0.01 vs 0.26 ± 0.003, p = 0.0017). 
Unsurprisingly, the PVI parameter is significantly decreased 
in the same group (13.24 ± 1 vs 17.8 ± 0.9, p = 0.021).

The PSS is significantly increased in patients with at least 
one antihypertensive drug compared with those not taking 
antihypertensive drugs (2.42 ± 1.5 vs 4.3 ± 0.8, p < 0.0001 
respectively).

 Conclusion

Our study reveals that brain stiffness is associated with the 
use of antihypertensive drugs through elastance, PVI, and 
PSS markers. Arterial stiffness is emerging as an important 
risk marker for pathological brain aging and dementia 
through its associations with cerebral small vessel disease, 
stroke, β-amyloid deposition, brain atrophy, and cognitive 
impairment [3]. Indeed, arterial stiffness provides an impor-

tant link between systemic hypertension and dementia, 
because it serves as the driving force behind the effects of 
hypertension on the microvasculature of the brain. Brain 
stiffness probably provides an indirect expression of arterial 
stiffness. One hypothesis could be that the use of antihyper-
tensive drugs is probably an indirect marker of an altered 
microcirculation. Our data reinforce the concept that vascu-
lar diseases participate in brain alteration. We plan to further 
explore the influence of other drugs on ICP and CSF/brain 
biomechanics.
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Abstract Intracranial pressure (ICP) is a complex modality 
in the sense that it largely interconnects various systemic and 
intra-cranial variables such as cerebral blood flow and vol-
ume, cerebrospinal fluid flow and absoption, craniospinal 
container. In this context, although empirical correlation is 
an interesting tool for establishing relations between pairs of 
observed variables, it may be limited to establishing causa-
tion relations. For instance, if variables X and Y are mainly 
influenced by variable Z, their correlation is strong, but does 
not mean that X has a causation relation with Y or vice versa. 
In this work, we explore the use of the statistical concept of 
partial correlation to ICP and other derived measures to 
apprehend the interplay between correlation and causation.

Keywords ICP · Correlation · Causation · Complex data 
analysis

 Introduction

Post hoc ergo propter hoc; after this, therefore because of 
this. This Latin sophism is a logical fallacy, often shortened 
to post hoc fallacy, that states “since event Y follows event 
X, event Y must be caused by event X.”

Causation and correlation are two statistical concepts that 
are often mixed up, although they are fundamentally different.

Correlation quantifies how the observed (empirical) fluc-
tuations of one variable X are related to the observed fluctua-
tions of another variable Y in a group of patients, or more 
generally in a dataset. Two correlation measurements are often 
distinguished: Pearson’s correlation, which measures whether 
the variables are linearly related, and Spearman’s correlation, 
which measures whether the variables are similarly ranked 
(e.g., if an observation of X is one of the smallest in one patient, 
observation of Y is also one of the smallest in the same patient). 
In both cases, correlation directly quantifies the observed rela-
tions among paired variables in a dataset.

Causation is a more abstract concept meaning that vari-
able X has a direct influence on variable Y. If variables X and 
Y present no or little correlation, they are unlikely to have a 
causation relation, at least in the experimental context of the 
dataset considered. If X and Y present a high correlation level 
(close to −1 or 1), they also do not necessarily present a cau-
sation relation for one main reason: both of them could be 
mainly influenced by another variable Z; thus, fluctuations of 
Y could not be influenced by variations of X, although they 
show strong correlation.

It is clear that such complex relations occur in intracranial 
pressure (ICP): various systemic and intracranial variables 
such as cerebral blood flow or volume, cerebrospinal fluid 
flow and absoption, craniospinal container are known to be 
interconnected. In this context, we explore the use of partial 
correlation for ICP data obtained in a group of 70 patients. 
Indeed, partial correlation makes it possible to remove the 
influence of a variable Z when computing the correlation 
between X and Y by considering linear relations between 
these variables. If more than three variables are observed in 
a dataset, which is the case for us, high partial correlations 
between X and Y by removing the influence of all other vari-
ables Zi therefore appears to be an appealing tool for estab-
lishing causation relations.
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 Materials and Methods

Nine intracranial biomechanical variables have been mea-
sured prospectively in a group of 70 patients: ICP baseline, 
ICP plateau, pulse amplitude (AMP) baseline, AMP plateau, 
static, and dynamic resistance to CSF outflow (RCSF), esti-
mation of CSF production rate, pressure in the sagittal sinus 
(PSS), and elastance.

Histograms of these different variables in the group of 
subjects under consideration clearly present heterogeneous 
distributions of values. This can be an issue when comparing 
the variables using Pearson-based correlations, which we 
will use in this work. Linear relations are indeed tested 
between the compared variables. To tackle this issue, we 
therefore consider the ranks of the different variables in our 
group of subjects instead of their raw values. The ranks of all 
variables are then distributed following a single uniform dis-
tribution and linear relations between the variables make 
more sense. Note that an alternative strategy would have 
been to project each variable distribution to a single uniform 
law by minimizing Wasserstein distances [1]. Ranks of the 
value (r) lead to more homogeneous distributions in practice 
and were therefore preferred.

Measures of correlation between two variables range 
from −1 to +1 inclusive, where +1 is total positive correla-
tion, 0 is no correlation, and −1 is total negative correlation. 
For a sufficiently large number of subjects, which is reason-
able here, the p values also indicate whether the correlations 
are significant. A classic threshold for the p values is 0.05. In 
the context of our work, we use partial correlation to mea-
sure extending Pearson’s correlation. We use the ranks of our 
data and not their values. This allows to mimic Spearman’s 
correlation, which we empirically verified on our data.

Pearson’s partial correlation measures the strength of a 
linear relationship between two variables, X and Y, while 
removing the effect of another variable Z by assuming linear 
relations. If there is an influence of Z in X and Y, the follow-
ing hypotheses are made:
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Y Y Z
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≈ +
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β
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where XwoZ and YwoZ are X and Y without the influence of Z 
respectively. The scalars β1 and β2 are optimal coefficients 
for removing the influence of Z in X and Y. Partial correlation 
between X and Y relative to Z is then Pearson’s correlation 
between XwoZ and YwoZ. Mathematical details about how to 
compute XwoZ, YwoZ, β1 and β2 can be found in references 
[1–3] and MATLAB, R or Python routines for this purpose 
can be easily found on the internet.

As mentioned earlier, we measured nine properties related 
to ICP in a group of 70 patients. When studying the relation 
between two of these variables, it appeared interesting to 

remove the influence of each of the remaining variables. 
Removing the influence of a variable can also make some 
correlation measures stronger, as the residuals only express 
the influence of these variables. Note that it is also techni-
cally possible to remove the influence of all remaining vari-
ables at once. However, we prefer to remove the influence of 
single variables to make explanations of the results straight-
forward and to limit fitness approximation issues (over- 
fitting with too much of a parameter on complex data).

 Results

Figure 1a displays Pearson’s correlation coefficient among all 
nine variables. We display the r values only when statistically 
significant (i.e., p values < 0.05). Figure 1b displays Pearson’s 
partial correlation after removal of the effect of baseline ICP, 
measuring the strength of a linear relationship between two 
variables X and Y, whereas the influence of baseline ICP has 
been ruled out. Figures 1c–e and 2a–e represent partial cor-
relation after removal of the influence of ICP plateau, AMP 
baseline, AMP plateau, PSS, static, and dynamic RCSF, CSF 
production rate, and elastance respectively.

Removing the influence of baseline ICP (Fig. 1b) does not 
modify the correlation between ICP plateau and AMP pla-
teau. It suggests that the link between ICP plateau and AMP 
plateau is mainly causal, or more precisely not indirectly due 
to the influence of baseline ICP. In addition removing the 
influence of baseline ICP reinforces the correlation between 
ICP plateau and AMP plateau with the resistance to CSF out-
flow. Hence, the ICP plateau and AMP plateau seem to be 
linked to resistance to CSF outflow mainly by a causal pro-
cess rather than by a simple correlation.

 Conclusions

We question, by the use of partial correlations, the relation 
of causation between variables that are classically used to 
study ICP. This has been made possible by homogenizing 
the distributions of different variables. This approach may 
be an interesting tool for removing the influence of different 
variables when studying the relation between two specific 
variables and clarify their link. A deeper insight into the cor-
relation/causation relationship between variables should 
help physicians or scientists to improve their understanding 
of biological or physiological processes and ameliorate 
patients’ care. Post hoc sed non semper propter hoc (after 
this, but not always because of this).
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Figure 1.5
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Fig. 1 Pearson correlation and partial correlations among the variables. The r values are displayed for p-values < 0.05. (a) Classic correlation. 
(b–e) Partial correlations after removing the effect of the ICP baseline, the ICP plateau, the AMP baseline, and the AMP plateau, respectively
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Fig. 2 Partial correlation among the variables. The r values are displayed for p-values < 0.05. (a–e) Partial correlations after removing the effect 
of the PSS, static and dynamic RCSF, CSF production rate, and elastance, respectively
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Abstract Objectives: Our objective was to develop, 
deploy, and test a data-acquisition system for the reliable and 
robust archiving of high-resolution physiological waveform 
data from a variety of bedside monitoring devices, including 
the GE Solar 8000i patient monitor, and for the logging of 
ancillary clinical and demographic information.

Materials and methods: The data-acquisition system 
consists of a computer-based archiving unit and a GE Tram 
Rac 4A that connects to the GE Solar 8000i monitor. Standard 
physiological front-end sensors connect directly to the Tram 
Rac, which serves as a port replicator for the GE monitor and 
provides access to these waveform signals through an analog 
data interface. Together with the GE monitoring data streams, 
we simultaneously collect the cerebral blood flow velocity 
envelope from a transcranial Doppler ultrasound system and 
a non- invasive arterial blood pressure waveform along a 
common time axis. All waveform signals are digitized and 
archived through a LabView-controlled interface that also 
allows for the logging of relevant meta-data such as clinical 
and patient demographic information.

Results: The acquisition system was certified for hospital 
use by the clinical engineering team at Boston Medical 
Center, Boston, MA, USA. Over a 12-month period, we col-
lected 57 datasets from 11 neuro-ICU patients. The system 
provided reliable and failure-free waveform archiving. We 
measured an average temporal drift between waveforms 
from different monitoring devices of 1 ms every 66 min of 
recorded data.

Conclusions: The waveform acquisition system allows 
for robust real- time data acquisition, processing, and archiving 
of waveforms. The temporal drift between waveforms 

archived from different devices is entirely negligible, even for 
long-term recording.

Keywords Data acquisition · Intensive care · Data collection 
Waveform signals · Multi-modality monitoring

 Introduction

Patients in neurocritical care tend to be heavily instrumented 
and their physiological state tracked very closely through a 
variety of bedside monitoring devices [1]. Such multimodal-
ity monitoring includes common signals such as the electro-
cardiogram (ECG), arterial blood pressure (ABP), central 
venous pressure (CVP), intracranial pressure (ICP), and arte-
rial oxygen saturation (SpO2). Additional instrumentation 
may include transcranial Doppler (TCD) ultrasound, near- 
infrared spectroscopy, or a variety of invasive sensors placed 
directly into the brain tissue to track local cerebral perfusion 
or metabolic markers.

Bedside monitors can typically acquire and display in real 
time such high-resolution data streams. However, most mon-
itoring devices have limited capabilities for connecting to 
other bedside monitors. Additionally, they tend not to perma-
nently archive the high-resolution waveform signals, 
although they may have a digital data interface that allows 
transmission of waveform and trend data in time-stamped 
data packets, often in proprietary data formats. In our experi-
ence, the time- stamping can be inaccurate and may lead to 
significant drift among waveforms archived from different 
devices, making accurate waveform archiving along a com-
mon time axis from digital data streams a challenging task. 
Such time- locked data archiving might best be achieved 
through the digitization of analog data streams.

In our work, we faced the need to archive high-resolu-
tion physiological waveforms from a variety of beside 
devices, including the GE Solar 8000i bedside patient monitor. 
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This bedside monitor does not have an analog interface for 
waveform archiving. Similarly, commercially available third- 
party solutions for real-time integrated monitoring and data 
archiving, such as the Moberg Component Neuromonitoring 
System [2] or the ICM+ software package [3], do not provide 
interfaces for archiving high-resolution waveforms from the 
GE Solar 8000i monitor. The lack of a readily available and 
robust archiving solution motivated the design, implementa-
tion, and deployment of our own data-acquisition system. 
Along with the physiological waveform data streams, the sys-
tem also allows for the logging of important meta-data, such 
as clinical and patient demographic information.

 Methods

The system (Fig. 1) consists of a GE Tram Rac 4A unit [4], 
connected to a standard GE Solar 8000i monitor, and a 
Windows-based computer (Intel® Core™2 Duo E7600, 
3.06 GHz, 4 GB DDR3 SDRAM) for data archiving and con-
trol of the acquisition process. The Tram Rac serves as a port 
replicator for the GE monitor’s patient data module (PDM). It 
can accommodate up to 13 front-end sensors and provides 
access to the associated signals through an analog data inter-
face. In addition to the GE monitoring data streams, we needed 
to collect the cerebral blood flow velocity (CBFV) envelope 
from transcranial Doppler ultrasound (DWL Doppler-BoxX) 
and the ABP waveform from the BMEYE Nexfin monitor. 
Both devices provide analog output streams of the desired 
waveform signals. All analog waveforms are fed to an analog-
to-digital converter (DAQ 6218, National Instruments) and are 
sampled at 250 samples/s at 16-bit amplitude resolution.

Data acquisition, visualization, and analysis are con-
trolled by a custom-designed LabView interface that also 
allows for time-stamped logging of important patient, clini-
cal, and study information. To interpret the waveform signals 
in the proper clinical context, we register:

 1. Patient demographic information (age, gender, race, 
ethnicity).

 2. Clinical information (diagnosis, type and site of injury, 
Glasgow Coma Scale score, hematocrit, medication 
information).

 3. Study information (date and time of recordings, medical 
record number, study ID).

 4. Important study meta-data (vertical height of pressure 
transducers to account for hydrostatic pressure differ-
ences; type and placement of ICP probes and other sen-
sors; volume of CSF drained over study duration; state of 
ventricular drain (open or closed); and free text notes for 
time-stamped archiving of observations during the study 
period).

The entire acquisition system has been assembled on a 
small-footprint Ergotron medical cart [5] for space-saving 
and agile movement inside a potentially crowded ICU. The 
computer, TCD system, and Nexfin monitor are powered 
through a cart-based Tripp-Lite IS500HG isolation trans-
former [6] that guarantees patient isolation and protection 
from macroshock hazards [7].

For each recording session, the design outlined above 
requires the sensor cables to be disconnected from the GE 
PDM and then connected to the Tram-Rac 4A. A conse-
quence of this step is that pressure signals need to be zeroed 
after disconnection/reconnection. This is an advantage for 
our purposes, as it ensures that all pressure sensors are prop-
erly zeroed at the beginning of each recording session. At the 
end of each session, the sensor cables are reconnected to the 
PDM and the pressure signals need to be zeroed again. Each 
reconnection takes approximately 30 s, during which the 
patient is disconnected from the bedside monitor.

All patient data are archived on an encrypted hard drive. 
The LabView software is configured to automatically dupli-
cate data by creating both an identifiable and de-identified 
version of the recorded data, and the two copies are auto-
matically organized in separate directory trees that reduce 
the risk for accidental access to and copying of protected 
health information. This approach also eliminates the need 
for post hoc de-identification of the archived data records. 
All waveform data are saved in ASCII and in the open-source 
waveform database format [8].

 Results

The acquisition system was certified for hospital use by the 
Clinical Engineering team at Boston Medical Center, Boston, 
MA, USA. Over the course of one year, we successfully col-
lected data from eleven patients, for a total of 57 distinct 
studies. The population so far includes five TBI patients, two 
patients affected by brain tumors, three by hydrocephalus, 
and one by subarachnoid hemorrhage. The average acquisi-
tion time is approximately 30 min per recording session.

Data acquisition has proceeded smoothly and without any 
complications. The system design proved to be sufficiently 
compact and agile for the cart to be maneuvered even in the 
most crowded and smallest of ICU bays. Even though our 
system requires sensor disconnection/reconnection and tem-
porary interruption of patient monitoring, our study staff were 
able to execute these steps quickly and efficiently after mini-
mal training. As our acquisition strategy relies on digitizing 
analog signal streams, the system performs well in aligning 
the input data along a common time axis (Fig. 2), with wave-
forms archived from different monitoring devices drifting by 
less than 1 ms, on average, over a period of 66 min.
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 Discussion

The data-acquisition and archiving system we developed 
allows for robust archiving of multimodality waveform data 
from the GE Solar 8000i bedside monitors. It has been used 
successfully to collect ABP, ECG, ICP, SpO2, and CVP 
waveform signals from the GE 8000i series of bedside moni-
tors, together with non-invasive ABP and the CBFV enve-
lope waveform. Data collection has been successfully 

completed for eleven patients and 57 studies over the course 
of one year.

In the design of the system, we took into consideration a 
list of important prerequisites. Chiefly, we sought to ensure 
that the waveform data are archived with minimal temporal 
drift between signals from different bedside devices. This 
requirement led us to connect to the analog interfaces of our 
monitoring devices. The measured drift over time between 
archived waveform signals is entirely negligible, even for 
long-duration recordings, and therefore overcomes an 

a

d e f

b c

Fig. 1 System for collecting and archiving waveform data from GE 
Solar 8000i monitors. The figure shows (a) the front and (b) the back 
view of the acquisition system. (c) A LabView-based graphical user 
interface is used to archive patient information and for data analysis and 
visualization. (d) The DWL Doppler-BoxX is used to record the cerebral 
blood flow velocity from the patient. (e) The BMEYE Nexfin device is 

used for non-invasive arterial blood pressure (ABP) measurement. (f) A 
Tram Rac 4A replicates the GE monitor’s patient data module and is 
connected to the electrocardiogram, ABP, central venous pressure, intra-
cranial pressure, and arterial oxygen saturation sensors. (f) The black 
box contains the NI DAQ 6218, which collects and digitizes all wave-
forms, including the analog outputs of the DWL and Nexfin devices

A Waveform Archiving System for the GE Solar 8000i Bedside Monitor
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 important limitation of digital data archiving from different 
bedside monitoring systems.

The system often needs to be used in space-limited ICUs. 
For this reason, it was designed to have a small footprint so 
that it can be easily transported into the narrow spaces of ICU 
rooms and to guarantee care providers access to both sides of 
the bed at all times in case of emergencies. Additionally, as the 
window for data acquisition sessions is often short and has to 
be coordinated around the clinical care of the patient, the set-
up time has to be short and the user interface intuitive. Our 
clinical team has been trained so that the overall time spent at 
the bedside for each study is about 45 min, which allows us to 
collect approximately 30 min of stable waveform data.

Our system design has several limitations. The first is that 
it requires the sensors to be disconnected from the GE PDM 
and connected to the Tram Rac 4A before data collection can 
commence, and the sensor cables to be reconnected to the 
GE PDM at the end of each recording session. Each discon-
nection/reconnection takes approximately 30 s during which 
the patient is not monitored. The need for the re-routing of 
the sensor cables may limit the system to the collection of 
data from patients who are sufficiently stable. The second 
consequence of re-routing the sensor cables is the need to 

calibrate the pressure signals after each disconnect cycle. In 
our study, a care provider—either a member of the study 
staff or clinical team—is present at the bedside to perform 
the zeroing steps.

 Conclusions

The waveform acquisition system we developed allows real- 
time data acquisition, processing, and archiving of wave-
forms from neurocritical care patients in ICUs employing the 
GE Solar 8000i series bedside monitors. The system was 
successfully deployed and has allowed us to collect data 
from eleven patients over twelve months, providing reliable 
and robust data collection from a variety of bedside monitor-
ing devices.
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Fig. 2 Time-aligned ICU data collected with the data-acquisition system. Waveforms are noise-free and time-aligned. There is neglibible time 
drift between waveforms over the acquisition time
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Abstract Objective: The objective was to explore the valid-
ity of industry-parameterized vital signs in the generation of 
pressure reactivity index (PRx) and optimal cerebral perfu-
sion pressure (CPPopt) values.

Materials and methods: Ten patients with intracranial 
pressure (ICP) monitors from 2008 to 2013 in a tertiary care 
hospital were included. Arterial blood pressure (ABP) and 
ICP were sampled at 240 Hz (of waveform data) and 0.2 Hz 
(of parameterized data produced by heuristic industry pro-
prietary algorithms). 240-Hz ABP were filtered for pulse 
pressure and diastolic ABP within the limits of 20–150 mmHg. 
The PRx was calculated as Pearson’s correlation coefficient 
using 10-s averages of ICP and ABP over a 5-min moving 
window with 80% overlap. For ease of comparison, we used 
the naming convention of BMx for PRx values derived from 
0.2-Hz data. A 5-min median cerebral perfusion pressure 
(CPP) trend was calculated, PRx or BMx values divided and 
averaged into CPP bins spanning 5 mmHg. The minimum Y 
value (PRx or BMx) of the parabolic function fit to the result-
ing XY plot of 4 h of data was obtained, and updated every 
1 min. Pearson’s R correlations were calculated for each 
patient. Linear mixed-effects models were used with a ran-
dom intercept to assess the overall correlation between the 
PRx (outcome) and the BMx (fixed effect) or the CPPopt- 
PRx (outcome) and the CPPopt-BMx (fixed effect).

Results: The overall correlation between the PRx and 
BMx was 0.78 based on the linear mixed effects models 
(p < 0.0001), and the overall correlation for the CPPopt–PRx 
and CPPopt–BMx based on the linear mixed effects models 

was 0.76 (p < 0.0001). One patient had low correlation of 
CPPopts derived from the PRx vs the BMx; this patient had 
the least number of hours of CPPopt data to compare.

Conclusions: The BMx shows promise in CPPopt deriva-
tion against the validated PRx measure. If further developed, 
it could expand the capability of centers to derive CPPopt 
goals for use in clinical trials.

Keywords Vasoreactivity index . Optimal CPP . Informatics  
Subarachnoid hemorrhage . Artifact filter

 Introduction

Individualized targets for cerebral perfusion pressure (CPP) 
based on the pressure reactivity index (PRx) have been pro-
posed since 2002 [1]. The PRx is a moving correlation coef-
ficient between slow waves of intracranial pressure (ICP) 
and arterial blood pressure (ABP) to the order of 20–300 s 
[2]. In its original description and subsequent feasibility and 
validation studies, the PRx has been calculated as the mov-
ing correlation coefficient between consecutive 5- to 10-s 
averages of ICP and ABP (windows spanning 4–5.3 min) 
based on signal capture at a frequency of at least 30 Hz [1–
6]. Plotting the PRx against CPP produces a U-shaped curve 
in 60% of patients, enabling CPPopt [1].

The PRx reflects illness severity in acute brain injury [2], 
and potentially provides targets for goal-directed therapy [1, 
7]. Studies exploring their role in prospective management are 
warranted. A limiting step to widespread patient enrollment 
and eventual usability is high-frequency waveform data acqui-
sition, storage, and manipulation. Meanwhile, intensive care 
unit-wide data solutions such as Bedmaster (BedmasterEX; 
Excel Medical Electronics, Jupiter, FL, USA) are propagating, 
along with the ability to more easily store and access parame-
terized low frequency 0.2-Hz (5 s) data. Although Bedmaster 
does collect high-frequency waveform data, they are stored in 
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a binary format, which is unwieldy for transforming and pro-
cessing at the bedside.

The impact of industry (e.g., General Electric) artifact fil-
ters and lower frequency sampling on the PRx and CPPopt is 
unknown. This study compares PRx and CPPopt derived 
from waveform and parameter data.

 Materials and Methods

 Study Population and Data Collection

Twenty-three patients admitted from June 2008 to January 
2013 to a tertiary care hospital’s neurointensive care unit 
with ICP and arterial blood pressure (ABP) monitors were 
prospectively enrolled in an observational cohort study of 
subarachnoid hemorrhage. The study was approved by the 
Columbia University Medical Center Institutional Review 
Board. ICP was monitored with a probe (Camino System, 
Integra Neurosciences) inserted into the frontal cortex. 
ABP was monitored through the radial artery using a pres-
sure monitoring kit (Transpac IV Monitoring Kit; ICU 
Medical, San Clemente, CA USA), zeroed at the level of 
the phlebostatic axis. Digitized data were acquired utilizing 
Solar 8000i patient monitors on a General Electric (GE) 
Medical Systems Information Technologies’ Unity Network 
(Port Washington, NY, USA). A high-resolution data acqui-
sition and storage system (BedmasterEX; Excel Medical 
Electronics, Jupiter, FL, USA) using an open architecture 
of the Unity Network automatically acquired vital sign 
parameters and waveform data from GE monitors. 
Waveform data were stored at a resolution of 240 Hz in 
binary files. Parameter data were acquired every 5 s and 
recorded in an SQL database.

Notably, the 0.2-Hz (5 s) data are sampled from the non-
waveform values that are generated by and displayed on the 
GE patient monitors. These parameters are the result of a 
software package called EK-PRO project (http://clinicalview.
gehealthcare.com/; Voith, PR, inventor; GE Medical Systems 
Information Technologies, assignee. US patent 6,731,973, 
5/4/2004) that evolved over more than a decade to produce 
user-friendly monitors that eliminate clinically nonsignifi-
cant data that can result from simpler algorithms. The heuris-
tic algorithm provides a representative clinical number, 
defending against outliers and influence from arrhythmias. 
There is hysteresis on the number to reduce flicker, and thus 
would be expected to have some time delay. The 0.2-Hz data 
acquired and stored in BedmasterEX is not synchronized 
when the number changes on the patient monitor, but is 
rather a view of what is displayed on the patient monitor at 
the moment of sampling.

 Data Preprocessing

Data preprocessing was performed using ICM Plus software 
(University of Cambridge, Cambridge Enterprise, 
Cambridge, UK, http://www.neurosurg.cam.ac.uk/icmplus) 
[8]. 240 or 125 Hz sampled ABP were filtered for pulse pres-
sure and diastolic ABP within the limits of 20–150 mmHg. 
No additional artifact filtering was performed beyond the 
industry black box heuristic algorithms on the 0.2-Hz sam-
pled data. The PRx was calculated as Pearson’s correlation 
coefficient using 10-s averages of ICP and ABP over a 5 min 
moving window with 80% overlap. For ease of comparison, 
we used the naming convention of BMx for the PRx values 
derived from 0.2-Hz data. A 5-min median cerebral perfu-
sion pressure (CPP) trend was calculated, and the PRx or 
BMx values divided and averaged into CPP bins spanning 
5 mm Hg. The minimum Y value (PRx or BMx) of the para-
bolic function fit to the resulting XY plot of 4 h of data was 
obtained, and updated every 1 min. (See Fig. 1 for an exam-
ple of a calculation of BMx and CPPopt–BMx).

 Statistical Analysis

Statistical analysis was performed using MATLAB 
(MATLAB and Statistics Toolbox Release 2015a; The 
Mathworks, Natick, MA, USA) and RStudio (RStudio Team 
2015. RStudio: Integrated Development for R. RStudio, 
Boston, MA, USA; URL http://www.rstudio.com/). 
Pearson’s R correlations for PRx to BMx, and the corre-
sponding CPPopts were calculated for each patient. Linear 
mixed effects models with a random intercept were used to 
assess the overall correlation between the PRx (outcome) 
and the BMx (fixed effect) or the CPPopt–PRx (outcome) 
and the CPPopt–BMx (fixed effect), accounting for multiple 
measurements within each individual. p values <0.05 were 
considered statistically significant.

 Results

Of the 23 patients, 13 were excluded because the duration of 
their recordings resulted in BMx or PRx calculations shorter than 
4 consecutive hours, making CPPopt calculation unrealistic. 
Data were used from 10 patients, including 6 women, ranging in 
age from 47 to 73 years (median age, 59.5 years). The overall 
correlation between the PRx and BMx was 0.78 based on the 
linear mixed effects models (p < 0.0001), and the overall correla-
tion for CPPOpt–PRx and CPPOpt–BMx based on the linear 
mixed effects models was 0.76 (p < 0.0001; Fig. 2). Patient 9 had 
low Pearson’s R correlation of CPPopts derived from the PRx vs 
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BMx; this patient had the least number of hours of CPPopt data 
(4 h) to compare (see Table 1 for detailed results).

 Discussion

There is a growing interest in exploring the role of the 
PRx and CPPopt in the prospective management of acute 
brain injury. This effort is likely be meaningful only with 

the collaboration of multiple centers. A limiting step to 
such a project is the ability to acquire, store, and manipu-
late high-frequency waveform data. As centralized data 
acquisition systems enlarge their market share, it is useful 
to  consider whether the PRx and CPPopt can be derived 
from opaquely derived parameters of industry patient 
monitors.

The BMx is derived from lower frequency parameters 
that have already been filtered for physiologically artifactual 
data (primarily arrhythmia-driven). The PRx is derived from 
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higher frequency waveforms that are post-processed for 
mechanical artifactual data. In our study of GE Solar 
8000i-derived data, the PRx and BMx showed good correla-
tion. CPPopt was calculated from 4 h of data, and these val-
ues also showed good correlation.

Determining the percentage of time that BMx and PRx 
and their respective CPPoptvs were able to be calculated was 
outside the scope of this project, given the complexities of 
data handling. This may warrant further analysis, as hypo-
thetically, the BMx (and therefore the CPPopt–BMx) would 
be more frequently calculable.

One patient showed poor Pearson’s R correlation for 
CPPopt derived from the PRx and BMx (patient 9). 
Incidentally, this patient only had 4 h of CPPopts to com-
pare, the lowest of the batch. Additional examination with 
more patients would be needed to determine the factors that 
account for this mismatch.

 Conclusions

The BMx shows promise against the validated PRx measure 
in the derivation of the CPPopt. If further developed, it 
could expand the capability of centers to measure pressure 
reactivity in the derivation of optimal CPP goals for use in 
clinical trials.
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Table 1 Patient characteristics and Pearson’s R correlation values

Patient
Hours of 
data Age Gender MFS HH

12-month 
mRS

PRx–BMx 
correlation, R (h)

CPPopt 
correlation, R (h)

1 52 60 Male 3 5 6 0.66 (47) 0.77 (17)

2 408 48 Female 3 2 3 0.54 (145) 0.66 (58)

3 456 73 Female 3 5 5 0.89 (16) 0.9 (9)

4 192 59 Male 4 5 6 0.69 (56) 0.67 (6)

5 72 57 Male 4 5 6 0.44 (55) 0.73 (23)

6 144 83 Female 3 4 5 0.88 (27) 0.76 (16)

7 192 72 Female 4 5 6 0.56 (152) 0.81 (57)

8 744 47 Male 3 5 5 0.81 (201) 0.78 (47)

9 312 71 Female 3 2 5 0.81 (7) 0.18 (4)

10 504 52 Female 4 5 5 0.53 (161) 0.8 (36)

MFS modified Fisher Scale, HH Hunt Hess Grade, mRS modified Rankin Scale, PRx pressure reactivity index derived from 240-Hz data,  
BMx pressure reactivity index derived from 0.2-Hz data, CPPopt optimal CPP
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Abstract Objective: Technology in neurointensive care 
units can collect and store vast amounts of complex patient 
data. The CHART- ADAPT project is aimed at developing 
technology that will allow for the collection, analysis and 
use of these big data at the patient’s bedside in neurointen-
sive care units. A requirement of this project is to auto-
matically extract and transfer high-frequency waveform 
data (e.g. ICP) from monitoring equipment to high perfor-
mance computing infrastructure for analysis. Currently, no 
agreed data standard exists in neurointensive care for the 
description of this type of data. In this pilot study, we 
investigated the use of Medical Waveform Format 
Encoding Rules (MFER—www.mfer.org-ISO 11073-
92001) as a possible data standard for neurointensive care 
waveform data.

Materials and methods: Several waveform formats 
were explored (e.g. XML, DICOM waveform) and evalu-
ated for suitability given existing computing infrastruc-
ture constraints, e.g. NHS network capacity and the 
processing capabilities of existing integration software. 

Key requirements of the format included a compact data 
size and the use of a recognised standard. The MFER 
waveform format (ISO/TS 11073-92001) met both 
requirements. To evaluate the practicality of the MFER 
waveform format, seven waveform signals (ICP, ECG, 
ART, CVP, EtCO2, Pleth, Resp) collected over a period of 
8 h from a patient at the Institute of Neurological Sciences 
in Glasgow were converted into MFER waveform 
format.

Results: The MFER waveform format has two main com-
ponents: sampling information and frame information. 
Sampling information describes the frequency of the data 
sampling and the resolution of the data. Frame information 
describes the data itself; it consists of three elements: data 
block (the actual data), channel (each type of waveform data 
occupies a channel) and sequence (the repetition of the data). 
All seven waveform signals were automatically and success-
fully converted into the MFER waveform format. One MFER 
file was created for each minute of data (total of 479 files, 
181 KB each).

Conclusions: The MFER waveform format has potential 
as a lightweight standard for representing high-frequency 
neurointensive care waveform data. Further work will 
include a comparison with other waveform data formats and 
a live trial of using the MFER waveform format to stream 
patient data over a longer period.

Keywords Medical waveforms • Standards • Neurointensive 
care

 Background

Technology in neurointensive care units can collect and store 
vast amounts of complex patient data. The CHART-ADAPT 
project [1, 2] is aimed at developing technology that will 
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allow for the collection, analysis and use of these big data at 
the patient’s bedside in neurointensive care units. 
 CHART- ADAPT provides the technology to support the pre-
cision management of neurointensive care patients. It enables 
the simultaneous extraction of high-frequency data from 
devices monitoring the physiology of multiple patients, auto-
matic integration of these data, provides data anonymisation 
services and allows the implementation of clinically useful 
physiological models and algorithms in real time at the 
patient’s bedside. Further, the platform enables the analysis 
of patient data (both high and low frequency) to create new 
and novel closed loop diagnostic or therapeutic models/algo-
rithms relevant to patient treatment. Additionally, the plat-
form enables the assessment of these newly developed 
models/algorithms or existing models in the clinical 
environment.

A requirement of this project is to automatically extract 
and transfer high-frequency waveform data (e.g. ICP) from 
monitoring equipment to a high-performance computing 
infrastructure for analysis. Currently, no agreed data stan-
dard exists in neurointensive care for the description of this 
type of data. In this study we investigated the use of the 
Medical Waveform Encoding Rules (MFER) (www.mfer.
org) as a possible data standard for neurointensive care 
waveform data. The MFER is an ISO-approved standard 
(ISO/TC 11073-92001). It is both an efficient yet affordable 
standard for storing waveform data. However, it is specific to 
medical waveform storage. There are no additional meta- 
data fields for demographics or other patient-related infor-
mation. Hence, the MFER, although efficient and 
standardised for medical waveforms, should be used in con-
junction with other medical data standards such as HL7 and 

the Digital Imaging and Communications in Medicine 
(DICOM) standard.

 Aims

The aims were to implement and assess the MFER standard 
for the storage of neurointensive care waveforms such as 
ECG, BP, ICP, etCO2 and pulse plethysmography signals.

 Materials and Methods

Several waveform formats were explored (e.g. XML, DICOM 
Waveform) and evaluated for suitability given existing com-
puting infrastructure constraints, e.g. NHS network capacity 
and the processing capabilities of existing integration soft-
ware. Key requirements of the format included a compact data 
size and the use of a recognised standard. The MFER wave-
form format (ISO/TS 11073-92001) met both requirements.

The MFER waveform format contains a header and a 
body. The header contains a fixed width “preamble” field 
describing the source of the data (e.g. neuro ICU), a “manu-
facturer” field, where details about the equipment/monitor 
generating the waveform data are held, a flag indicating the 
byte order of data storage “Endian” and further fields indi-
cating the number of channels collected and the number of 
data blocks in a sequence (see below).

The body has two main components: sampling informa-
tion and frame information. Sampling information describes 
the frequency of the data sampling and the resolution of the 

1
2

3

4

Key
1  frame
2  data block
3  channel
4  sequence

1

Fig. 1 Frame format. It consists of three elements: data block (the actual data), channel (each type of waveform data occupies a channel) and 
sequence (the repetition of the data). A sequence can contain one or more data blocks
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data bit-size. Frame information describes the data itself and 
consists of three elements: data block (the actual data), chan-
nel (each type of waveform data occupies a channel) and 
sequence (the repetition of the data). A sequence can contain 
one or more data blocks. Figure 1 outlines the frame structure. 
All information in an MFER frame is encoded by a repeating 
sequence of one or more “TLV” sets where “T” is a two-byte 
code uniquely identifying the type of information (e.g. 
0Bh = sampling frequency), followed by a two-byte “L” or 
length field describing the number of bytes contained within 
the data value, or “V” section. Each channel section contains 
information on the channel label, the source of the channel 
data (e.g. electrocardiography [ECG] monitor), sampling 
frequency, sampling resolution and finally how many bytes 
of data are stored per data block.

To evaluate the practicality of the MFER waveform format, 
up to seven waveform signals (ICP, ECG, ART, CVP, EtCO2, 
Pleth, Resp), collected from 12 patients at the Institute of 
Neurological Sciences in Glasgow, were converted into 
MFER. Waveform sampling frequency ranged from 500 Hz 
(for ECG) down to 60 Hz (Respiration, EtCO2). Most pres-
sure channels (ART, CVP, ICP) were sampled at 125 Hz.

 Results

Twelve patients (2 women, 10 men) admitted to the neuro- 
ICU at the Queen Elizabeth University Hospital between 
May and October 2016 had their data converted to the MFER 
format. Patient age ranged from 17 to 80 years (mean ± SD 
42 ± 26 years). Admission diagnoses included: traumatic 
brain injury (4), maxillo-facial surgery (3), central nervous 
system tumour (2), seizures (2) and respiratory failure (1).

Over 62,000 MFER frames of data were generated from 
the ICU monitoring period of the 12 patients, which com-
prised up to seven waveform signals per MFER frame. One 
MFER file frame was created for approximately each minute 
of data, with a storage size of 181 KB each. Total database 
(Microsoft SQL server) file size for storage of this 12-patient 
dataset was 118 MB.

In this particular neuro-ICU, waveform data are captured 
from Philips Medical Intellivue MX800 bedside monitors. 
The iXellence (www.ixellence.com) “IxTrend Netserver” 
system is used to capture the waveform data. The Netserver 
system runs as a Windows service on an embedded PC 
within the MX800 monitor. One to two minutes of data are 
captured, compressed and sent via the local network to a pro-
prietary IXtrend database (MS SQL). Java software designed 
in-house converts the IXtrend data file format into the open 

Fig. 2 Screen grab of in-house Java software that converts the IXtrend data file format into the open ISO standard Medical Waveform Format 
Encoding Rules (MFER) format on a minute-by-minute basis in real time
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ISO standard MFER format on a minute-by-minute basis in 
real time (Fig. 2).

Figure 3 is a screen grab from the MFRanz data viewer 
tool, which is free to download from the MFER site. The 
MFER viewer shows one frame of MFER data. Viewable 
in the top section is the hex format byte information (with 
ASCII description fields to the right). This contains the 
header, channel description fields and finally the actual 
data block. At the bottom of the screen is a visualisation 
of one of the channels (arterial blood pressure [ABP]). 
Note that no “data-padding” is required with this format. 
Figure 4 has been captured from the Philips Medical 
ICCA bedside e-Record system, which has been config-
ured to have a “flow- sheet” with the usual hourly sum-
mary of patient data. In this example, using the 
CHART-ADAPT infrastructure, raw waveform data in 
MFER format is created, stored and then sampled and 
processed by the local server analytics cluster. Here, we 
see the results of six computer models (three running dif-
ferent variants of optimal CPP models, two running ABP 
hypotension models and one the highest modal frequency 

autoregulation model. Each model is calculated using the 
raw MFER waveform data and results sent once every 
10 min to the patient’s bed-space.

This example shows that the MFER format is an efficient 
waveform data format that can support “stream processing” 
of raw clinical waveform resolution data.

 Discussion

Until recently, there has been a lack of cross-vendor (medical 
monitoring manufacturer) standard for the storage of high- 
resolution medical waveform data. This results in centres that 
wish to process waveform data purchasing or developing their 
own “format translator” from the equipment’s native format to 
whichever analysis/archive system is in use. This approach adds 
cost, requires extra effort and is another potential point of failure.

It could be argued that before the MFER ISO format, 
there were other medical data standards that could encode 
medical waveform data. These include HL7, the Medical 

Fig. 3 A screen grab from the MFER data viewer showing one frame 
of MFER data. Viewable in the top section is the hex format byte infor-
mation (with ASCII description fields to the right). This contains the 

header, channel description fields and finally the actual data block. At 
the bottom of the screen is a visualisation of one of the channels (arte-
rial blood pressure [ABP])
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Information Bus (MIB) – ISO 11073, DICOM Waveform 
standard and the European Data Format (EDF). HL7 is a 
text-based format and any binary blob data inserted into V2 
messages, for example, need to be base64-encoded and can 
lead to quite large messages. This is in fact how the CHART- 
ADAPT system transfers the MFER data between systems 
and demonstrates that standards can be mixed, using each for 
its own specialist purposes: MFER for waveform and HL7 
for the other clinical data.

Although equipment manufacturers have come together 
to define a standard for device connectivity in the MIB 
(IEEE/ISO 11073), this standard does not define how wave-
form data are stored, only how it is represented and trans-
ferred. It is not ubiquitously adopted by device manufacturers. 
Furthermore, the standard is one that has been designed to be 
a general purpose medical data format and in some instances, 
does not adapt well to specific intensive care domain data 
fields (such as neuro-intensive care).

The DICOM standard is increasingly used by hospitals 
for radiological image management. It can store waveform 
data of any type, although it has focused on embedding ECG 
waveform data with some limitations to its functionality, 
such as a maximum of 13 waveform channels. However, 
similar to HL7 messaging, DICOM could also be adapted to 
embed the MFER data format within its structure, but this 
would need DICOM committee approval.

The European Data Format (EDF) has been designed 
for the exchange of multichannel biological and physical 
signals. Designed initially for supporting storage and 
annotation of multi-channel EEG, a version called EDF+ 
released in 2002 can represent most forms of electrophys-
iological recordings (electromyography, evoked poten-
tials, ECG and sleep studies). Designed chiefly for 
electrophysiological testing, there is no reason why it 
could not be used to represent continuous intensive care 
bedside monitoring as well. It is a format most similar in 
concept to that of the MFER, its main limitations being 

Fig. 4 Image from the Philips Medical ICCA bedside e-Record sys-
tem. Using the CHART-ADAPT infrastructure, raw waveform data in 
MFER format are created, stored and then sampled and processed by 
the analytics cluster. Here, we see the results of six computer models 
(three running different variants of optimal cerebral perfusion pressure 
[CPP] models, two running ABP hypotension models and one the high-

est modal frequency autoregulation model). Each model is calculated 
using the raw MFER waveform data and results are sent once every 
10 min to the patient’s bed-space. This example shows that the MFER 
format is an efficient waveform data format that can support “stream 
processing” of clinical data
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that it is not widely adopted outside of the neurophysio-
logical/electrophysiological community, nor has it 
achieved ISO standardisation.

Recently, specific to neuro-intensive care, is an initiative 
to create a “Smart Neuro ICU” – see www.SmartNeuroICU.
org. This initiative is currently assessing new ways of repre-
senting and archiving neuro-ICU data that are frequently not 
well represented by other domain standards. One such for-
mat being considered by this initiative is the HDF5 format 
(see: www.hdfgroup.org/HDF5/). Again, this is a flexible 
format, which, similar to HL7 and DICOM could embed 
MFER data frames within its structure, again benefiting from 
the re-use of existing standards.

 Conclusions

The MFER waveform format has potential as a lightweight 
standard for representing high-frequency neuro-intensive 
care waveform data. It should be used in conjunction with 
other existing and developing (e.g. HDF5) medical data stan-

dards that can encode the other key clinical data needed for 
clinical management, audit and research (e.g. HL7, DICOM).
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Abstract Objectives: The reliable detection of peaks and 
troughs in physiological signals is essential to many investi-
gative techniques in medicine and computational biology. 
Analysis of the intracranial pressure (ICP) waveform is a par-
ticular challenge due to multi-scale features, a changing mor-
phology over time and signal-to-noise limitations. Here we 
present an efficient peak and trough detection algorithm that 
extends the scalogram approach of Scholkmann et al., and 
results in greatly improved algorithm runtime performance.

Materials and methods: Our improved algorithm (modi-
fied Scholkmann) was developed and analysed in MATLAB 
R2015b. Synthesised waveforms (periodic, quasi-periodic 
and chirp sinusoids) were degraded with white Gaussian 
noise to achieve signal- to- noise ratios down to 5 dB and 
were used to compare the performance of the original 
Scholkmann and modified Scholkmann algorithms.

Results: The modified Scholkmann algorithm has false-
positive (0%) and false-negative (0%) detection rates identi-
cal to the original Scholkmann when applied to our test suite. 
Actual compute time for a 200-run Monte Carlo simulation 
over a multicomponent noisy test signal was 40.96 ± 0.020 s 
(mean ± 95%CI) for the original Scholkmann and 
1.81 ± 0.003 s (mean ± 95%CI) for the modified Scholkmann, 
demonstrating the expected improvement in runtime com-
plexity from  n2( )  to  n( ) .

Conclusions: The accurate interpretation of waveform 
data to identify peaks and troughs is crucial in signal param-
eterisation, feature extraction and waveform identification 
tasks. Modification of a standard scalogram technique has 
produced a robust algorithm with linear computational com-
plexity that is particularly suited to the challenges presented 
by large, noisy physiological datasets. The algorithm is opti-
mised through a single parameter and can identify sub- 

waveform features with minimal additional overhead, and is 
easily adapted to run in real time on commodity hardware.

Keywords Peak detection . Trough detection . Algorithm 
design . Optimisation . Neuroinformatics . Intracranial pres-
sure waveform analysis

 Introduction

The reliable detection of peaks and troughs in physiological 
signals is essential to investigative techniques in medicine 
and computational biology and a prerequisite for many sig-
nal processing tasks. The challenge of accurate peak detec-
tion [1–3] is not unique to physiological signals and many 
solutions have been proposed in the literature, ranging from 
simple window-thresholding [4] and wavelet transform tech-
niques [5] to Hidden Markov Models [6], k-means clustering 
[7] and entropy-based techniques [8].

In neuroscience data, the analysis of the intracranial pres-
sure (ICP) waveform is a particular challenge and a number 
of algorithms [9, 10] have been proposed. In particular, algo-
rithms suitable for ICP peak detection must be suited to 
multi-scale features, changing waveform morphology with 
time and poor signal-to-noise ratio.

There is a recognised trade-off between the generalisabil-
ity of peak detection algorithms (degrees of freedom), accu-
rate peak detection (false-positive and false-negative peak 
detection rates) and computational runtime performance 
[11]. For the most general algorithms to achieve a good 
domain-specific peak detection rate, they usually require sig-
nificant parameter optimisation and long computational run-
times. The converse is also generally true, with algorithms 
designed exclusively for a domain-specific problem produc-
ing a better peak detection performance.

Scholkmann et al. [11] introduced an efficient and elegant 
algorithm for the automatic detection of peaks in noisy 
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 periodic and quasi-periodic signals, driven by their require-
ment to find peaks in near-infrared spectroscopy data. The 
Scholkmann algorithm (original Scholkmann) does not 
require any parameters, is fairly robust against high- and 
low-frequency noise and accurately detects peaks in quasi- 
periodic signals (provided that the highest frequency of 
oscillation is less than or equal to four times the frequency of 
the lowest in the signal). The algorithm is well-suited to ICP 
waveform peak detection tasks; however, it is hampered by 
an inefficient computational runtime and sizeable memory 
requirement.

In this work, we adapt the algorithm of Scholkmann et al. 
(modified Scholkmann) to dramatically improve runtime 
performance and memory storage requirements. We com-
pare the peak detection rate and runtime performance of 
modified Scholkmann with original Scholkmann and pro-
vide further practical suggestions to improve performance 
when analysing ICP waveform data.

 Materials and Methods

 The Scholkmann Algorithm (Original 
Scholkmann)

The original Scholkmann algorithm begins by calculating a 
local maxima scalogram (LMS) over a linearly detrended 
signal X of length N, where X = {x t | 1 ≤ t ≤ N}. The LMS is a 

matrix of S
N

max =





−

2
1  scales (rows) against N columns. If 

the value at time t ∈ {1…N} and scale s ∈ {1…Smax} is locally 
maximal, the matrix contains 0; otherwise, it contains r + α 
(where r∈ R  is a uniformly distributed random variable 
and α∈ R  is a constant).

The LMS can be visualised more readily as an Smax × N 
matrix that marks the location of maxima at each scale (level 
of zoom). At scale s = 1 the matrix encodes a local maximum 
at time t if the signal value xt is greater than the signal values 
at adjacent positions, i.e. xt > xt−1 and x t> xt+1. Likewise, at 
scale s = 2 the matrix encodes a local maximum at time t if 
the magnitude of the signal at position xt is greater than the 
signals at times t − 2 and t + 2. This pattern continues up to 
scale Smax.

The LMS extends from the first scale (s = 1, highest or “fin-

est” resolution) to scale s
N

= 




−

2
1 (a “low resolution” of 

approximately half the signal length). However, it is subse-
quently cropped to include only scales from 1 to Scropped, where 
Scropped is the scale containing the greatest number of maxima. In 
the final step of the algorithm the column-wise standard devia-
tion is calculated across scales, and time points with a standard 
deviation of zero identify the locations of maxima (peaks).

 Optimisations Necessary to Produce 
Modified Scholkmann

A number of observations are necessary to optimise the orig-
inal Scholkmann. First, the problem of peak and trough find-
ing are equivalent: troughs are found by inverting the original 
signal and applying the peak-finding algorithm. Hence, 
trough-finding can occur simultaneously at minimal addi-
tional computational cost. Second, calculation of the LMS is 
costly; computational runtime and memory requirements 

have an  n2( )  upper complexity bound. Third, under most 
circumstances, calculation of the LMS using scales up to 

S
N

max =





−

2
1  is unnecessary. An appropriate upper scale 

bound can be parameterised in the algorithm and chosen 
using domain-specific knowledge. For ICP waveform data, 
the empirical maximum scale is equivalent to around one 
quarter signal wavelength, dramatically reducing the LMS 
search space. Fourth, calculation of uniform random num-
bers to populate the LMS is computationally expensive—the 
random numbers are only used during the final stage of the 
algorithm in the calculation of column-wise standard devia-
tions. At the location of peaks, the corresponding column of 
the LMS is a zero vector and can be found through linear 
search, rendering the calculation of column-wise standard 
deviations and pseudo-random numbers unnecessary. 
Finally, the LMS should only be calculated once per signal 
and cached to allow subsequent runs of the algorithm to 
complete in  n( )  time. This is extremely useful when 
working with ICP waveforms because recursive application 
of the algorithm can be employed to identify the ICP wave-
form sub-peaks P1 to P3 in linear time.

 Comparing Original Scholkmann 
with Modified Scholkmann

The modified Scholkmann algorithm was developed and 
analysed in MATLAB R2015b (MathWorks, Natick, MA, 
USA) on a 16-core, 3.3-GHz Intel Xeon PC with 32GB 
RAM running Ubuntu Linux v12.04LTS. The algorithm 
code is found in Appendix.

Using a technique similar to that of Scholkmann et al. 
[11], synthesised waveforms (periodic, quasi-periodic and 
chirp sinusoids) were degraded with white Gaussian noise 
to achieve a range of test waveforms with signal-to-noise 
ratios as low as 5 dB. The synthesised waveforms were 
used to determine algorithmic performance and false-pos-
itive and false-negative peak detection rates were com-
pared. The multicomponent simulated noisy signal defined 
by Scholkmann et al. [11] was used in a 200-run Monte 
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Carlo simulation to quantify the mean compute time with 
95% confidence intervals for both algorithms. Further 
verification was performed using high-resolution electro-
cardiography, arterial blood pressure and intracranial 
pressure waveforms from a local neurointensive care 
waveform database.

 Results

The modified Scholkmann algorithm applied to the test suite 
has false-positive (0%) and false-negative (0%) detection 
rates that are comparable with the original Scholkmann 
(Figs. 1 and 2), provided that a suitable maximum scale 
parameter is chosen (see section “Discussion” for details).

Actual compute time for a 200-run Monte Carlo simula-
tion using the multicomponent noisy test signal was 
40.96 ± 0.020 s (mean ± 95% CI) for original Scholkmann 
and 1.81 ± 0.003 s (mean ± 95% CI) for modified Scholkmann, 
showing the expected improvement in runtime complexity.

 Discussion

In the test suites, a substantial improvement in compute time 
is seen from 40.96 s for original Scholkmann to 1.81 s for 
modified Scholkmann. The modified Scholkmann algorithm 
introduces a single parameter Smax, the maximum scale at 
which the LMS is computed, rather than deriving Smax from 
the signal data length. The LMS calculation in the original 
Scholkmann is the single most expensive computation and 
efficiency gains in the LMS calculation can lead to substantial 
gains in runtime performance. The improved performance in 
the modified Scholkmann relies on the periodic or quasi-peri-
odic nature of physiological waveform signals—because of 
the periodicity of the signal, it is unnecessary to search the 
scalogram for peaks at a scale greater than one cycle length, 
allowing the limitation of Smax to a range much smaller than 
the signal length N. In this work an empirical range for Smax 
for ICP waveform data was found to be equivalent to one 
quarter of the waveform period. This reduces the algorithm’s 
maxima search space, reducing space and time complexity 
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Fig. 1 (a–d) Modified Scholkmann algorithm. Detection of peaks (red 
stars) and troughs (blue crosses) in sinusoids degraded with white 
Gaussian noise to achieve signal-to-noise ratios (SNRs) down to 

5 dB. Note that the algorithm can miss the first and/or last features in a 
signal owing to edge effects in the computed scalogram
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from  n2( )  in the original Scholkmann to  kn n( ) ≡ ( )  

in the modified Scholkmann. An improvement in efficiency 
of this magnitude is necessary to support real-time or near 
real-time analysis of neurological waveform data.

A widening edge artefact is seen in the LMS at increas-
ing scales, because there is insufficient data to identify the 
location of “local” maxima. This is a limitation of both 
algorithms (original and modified Scholkmann); they both 
usually fail to identify the first and last peak or trough in 
the signal. The use of larger signal lengths and overlap-
ping multiple windows can substantially mitigate this 
effect.

The original and modified algorithms are resistant to 
noise and operate at SNRs as low as 5 dB. At low SNRs 
both algorithms identify the expected peaks, but with 
reduced location accuracy. This results from the tendency 
of both algorithms to identify the most prominent local 
maxima in the expected sub-region of interest (which is a 

necessary constraint for quasi-periodic signals), allowing 
the algorithm to be misled by occasional high-magnitude 
noise.

The calculation of LMS is deterministic and results in a 
unique matrix for each signal that is amenable to memory or 
disk caching for later reuse. This acts as a simple method of 
improving runtime performance. Peak finding over a previ-
ously analysed signal can occur in linear time using the 
cached LMS.

An important benefit of the modified Scholkmann algo-
rithm is the ability to identify sub-features within a signal. 
An example is the recursive application of the algorithm to 
identify ICP sub-peaks (Fig. 3), where the modified 
Scholkmann is used first to identify all troughs allowing indi-
vidual waveforms to be spliced, and the modified Scholkmann 
is reapplied to each spliced waveform (which is efficient 
because of LMS caching) to identify the three largest sub- 
peaks P1 to P3. Here, the deliberate choice of a small 
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Fig. 2 (a–d) Modified Scholkmann algorithm. Detection of peaks (red 
stars) and troughs (blue crosses) in chirp sinusoids (frequency range 
1–3.8 Hz) degraded with white Gaussian noise to achieve signal-to- 

noise ratios (SNRs) down to 5 dB. Note that the algorithm can miss the 
first and/or last features in a signal owing to edge effects in the com-
puted scalogram

S.M. Bishop and A. Ercole



193

 maximum scale increases the false-negative detection rate, 
increasing the algorithm’s sub-peak detection sensitivity.

 Conclusions

The accurate interpretation of neuroscience waveform data 
to identify peaks and troughs is crucial in signal parameteri-
sation, feature extraction and waveform identification tasks. 
Modification of a standard scalogram technique has pro-
duced a robust algorithm with linear computational com-
plexity that is particularly suited to the challenges presented 
by large, noisy physiological datasets. The algorithm can be 
tuned for specific applications by optimising the optional 
parameter, can identify sub-waveform features with minimal 
additional overhead, and is easily adapted to run in real-time 
on commodity hardware.

Conflicts of interest statement We declare that we have no conflicts 
of interest.

 Appendix

The MATLAB implementation of the modified Scholkmann 
algorithm (new_peak_trough.m):

% ----------
% Physiology Feature Extraction Toolkit
% Dr Steven Bishop, 2015-16
% Division of Anaesthesia, University of 
Cambridge, UK
% Email: sbishop {AT} doctors.org.uk
% ----------
% PEAK_TROUGH_FINDER
%
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Panel A: ICP peak and trough detection
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Panel B: ICP sub-peak detection

Fig. 3 (a) Modified Scholkmann algorithm. Detection of systole (red 
stars) and diastole (blue stars) in a continuous recording of intracranial 
pressure (ICP), sampled at 240 Hz via a Codman ICP Express 
Monitoring System (DePuy Syntheses, Raynham, Massachusetts, 
USA) and pre-processed with an unweighted 25 ms moving-average 
filter. A sliding window technique is used to mitigate scalogram edge 

effects and ensure that all peaks and troughs are accurately detected. (b) 
Modified Scholkmann algorithm. Recursive application of the algo-
rithm to individual ICP waveforms delineated by trough–trough inter-
val (blue stars) demonstrates the correct identification of individual ICP 
sub-peaks P1 to P3 (red stars)
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%  Based upon the algorithm by (with up-
dates and optimisations):

%  Scholkmann F, Boss J, Wolk M. An 
Efficient Algorithm for Automatic Peak

%  Detection in Noisy Periodic and Quasi- 
Periodic Signals. Algorithms 2012

% (5), p588-603; doi:10.3390/a5040588
% ----------
%  [peaks,troughs,maximagram,minimagr
am] = PEAK_TROUGH_FINDER(data, {max- 
interval})

% data: input data as vector
%  sampling_frequency (optional): sam-
pling frequency of input

%  Returns: vectors [peaks, troughs, max-
imagram, minimagram] containing

%  indices of the peaks and troughs and 
the maxima/minima scalograms

function [peaks,troughs,maximagram,minim
agram] = new_peak_trough(data, varargin)
    N = length(data);
    if nargin == 2
        L = ceil(varargin{1}/2) - 1;
    else
        L = ceil(N/2) - 1;
    end
    %Detrend the data
    meanval = nanmean(data);
    data(isnan(data)) = meanval;
    data = detrend(data, 'linear');
    Mx = zeros(N, L);
    Mn = zeros(N, L);
    %Produce the local maxima scalogram
    for j=1:L
        k = j;
        for i=k+2:N-k+1
            if data(i-1) > data(i-k-1) 
&& data(i-1) > data(i+k-1)
                Mx(i-1,j) = true;
            end
            if data(i-1) < data(i-k-1) 
&& data(i-1) < data(i+k-1)
                Mn(i-1,j) = true;
            end
        end
    end
    maximagram = Mx;
    minimagram = Mn;
    %Form Y the column-wise count of 
where Mx is 0, a scale-dependent distri-
bution of

    %local maxima. Find d, the scale 
with the most maxima (== most number
    %of zeros in row). Redimension Mx to 
contain only the first d scales
    Y = sum(Mx==true, 1);
    [~, d] = max(Y);
    Mx = Mx(:,1:d);
    %Form Y the column-wise count of 
where Mn is 0, a scale-dependent distri-
bution of
    %local minima. Find d, the scale 
with the most minima (== most number
    %of zeros in row). Redimension Mn to 
contain only the first d scales
    Y = sum(Mn==true, 1);
    [~, d] = max(Y);
    Mn = Mn(:,1:d);
    %Form Zx and Zn the row-rise counts 
of Mx and Mn's non-zero elements.
    %Any row with a zero count contains 
entirely zeros, thus indicating
    %the presence of a peak or trough
    Zx = sum(Mx==false, 2);
    Zn = sum(Mn==false, 2);
    %Find all the zeros in Zx and Zn. 
The indices of the zero counts
    %correspond to the position of peaks 
and troughs respectively
    peaks = find(~Zx);
    troughs = find(~Zn);
end
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Abstract Objective: Brain tissue oxygenation (pbtO2) mon-
itoring with microprobes is increasingly used as an impor-
tant parameter in addition to intracranial pressure in acutely 
brain-injured patients. Data on accuracy and long-term drift 
after use are scarce. We investigated room air readings of 
used pbtO2 probes for their relationship with the duration of 
monitoring, geographic location of the center, and manufac-
turer type.

Methods: After finishing clinically indicated monitoring 
in patients, pbtO2 probes used in two centers in Berlin and 
Munich were explanted and cleaned to avoid blood contami-
nation. Immediately afterward, room air readings of partial 
oxygen pressure (pairO2) from 44 Licox® and 10 Raumedic® 
pbtO2 probes were recorded. Assumed height above sea level 
was 42 m for Berlin and 485 m for Munich; this resulted in 
assumed theoretical pairO2 readings of 157.8 mmHg in Berlin 
and 149.9 mmHg in Munich.

Results: Licox® probes in Berlin showed a mean pairO2 
of 160.5 (SD 14.4) mmHg and of 147.8 (11.9) mmHg in 
Munich. Raumedic® probes in Berlin showed a mean 
pairO2 of 170.5 (12.2) mmHg and the single Raumedic® 
probe used in Munich 155 mmHg. No significant drift was 
found over time for probes with up to 14 days of monitor-
ing. Prolonged use of up to 20 days showed a clinically 
negligible drift of 1.2 mmHg per day of use for Licox® 
probes.

Mean absolute deviation for pairO2 from expected values 
was 6.4% for Licox® and 9.7% for Raumedic® probes.

Conclusion: Room air partial oxygen pressure pairO2 may 
be utilized to assess the proper function of a pbtO2 probe. It 
provides a tool for quality control which is easy to imple-
ment. Probe readings are stable in the clinically relevant 
range, even after prolonged use.

Keywords Brain tissue oxygenation · Atmospheric pressure · 
Monitoring · Room air reading · Long-term assessment

 Introduction

Monitoring brain tissue oxygenation (pbtO2) with intraparen-
chymal microprobes is an emerging tool and recommended in 
guidelines after traumatic brain injury and aneurysmal sub-
arachnoid hemorrhage [1, 2]. A commonly proposed thresh-
old is 20 mmHg: values below this margin are associated with 
a worse outcome [3]. As monitoring of critically injured 
patients may be required for days or even 1 or 2 weeks, it is 
crucial to know how accurate the readings of pbtO2 probes are 
over time and whether long-term drift is present. Currently, 
bench testing is available only for probes in mint condition 
and an assessment of pbtO2 devices after in vivo use is lacking 
[4, 5].

On earth, ambient dry air provides a stable environ-
ment with an oxygen fraction of 20.95% and a partial 
pressure of 159.21 mmHg at sea level. Therefore, a simple 
and ubiquitously available method of assessing the accu-
racy of a pbtO2 probe may be to use plain room air as a 
reference. Therefore, we investigated room air readings of 
used pbtO2 probes for their relationship with duration of 
monitoring, geographic location of the center, and manu-
facturer type.
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 Methods

Indications for pbtO2 monitoring were based on clinical 
considerations and were not part of the study. We investi-
gated equipment from both vendors currently on the mar-
ket; in particular, Licox CC1.SB probes (Integra 
Neuroscience, Saint Priest, France) and Neurovent PTO 
probes (Raumedic AG, Münchberg, Germany). We gath-
ered data from probes used in two centers, located in Berlin 
and Munich, Germany. After finishing clinically indicated 
monitoring, pbtO2 probes were removed, superficially 
cleaned with a pad to prevent blood contamination and 
inspected for obvious mechanical damage. Immediately 
afterward, room air readings of partial oxygen pressure 
(pairO2) were recorded until a stable reading was achieved. 
As no patient data were used in this setup, the need for 
informed consent was waived.

 Physical Laws and Considerations

Average standard atmospheric pressure at sea level is 
1,013.25 kPa, equivalent to 760 mmHg (29.92 in), with a 
typical range between 670 mmHg (26.5 in) and 800 mmHg 
(31.5 in) on a mercury column barometer. Introduced by 
daily temperature fluctuations, atmospheric pressure shows a 
semicircadian rhythm. The amplitude of these fluctuations is 
dependent on latitude, with about 5 kPa (3.75 mmHg) at the 
equator, and 0.5–1 kPa (0.38–0.75 mmHg) at continental cli-
mate zones.

Simplified, atmospheric pressure decreases with altitude by:
pheight~p0

∗ exp (−height/h0),
with h0 = 8435m. For low altitudes, this equals 

 approximately about 1.2 kPa (0.9 mmHg) for every 100 m.
Assumed elevation above sea level was 42 m for Berlin, 

Germany, and 485 m for Munich, Germany. Using the stable 
oxygen fraction of 20.95%, this resulted in assumed theoreti-
cal pairO2 readings of 157.8 mmHg in Berlin and 149.9 mmHg 
in Munich [6].

 Statistical Analysis

Data analysis was performed using R 3.3.1, R foundation for 
Statistical Computing, Vienna, Austria. The duration of pre-
vious use was plotted against the room air reading. 
Multivariate analysis was performed with linear regression 
using room air reading as a dependent variable, duration of 
use as an independent linear predictor, and probe type and 
center location as cofactors.

 Results

Room air readings of pairO2 from 44 Licox® and 10 
Raumedic® pbtO2 probes were available for analysis. One 
probe from the Munich center showed a pairO2 reading of 
334 mmHg, more than 10 standard deviations off from the 
mean of all other probes. Although no mechanical damage 
was noted, this single probe was considered defective and 
excluded from analysis.

Licox® probes in Berlin showed a mean pairO2 of 160.5 
(SD 14.4) mmHg and of 147.8 (11.9) mmHg in Munich. 
Raumedic® probes in Berlin showed a mean pairO2 of 170.5 
(12.2) mmHg and a single Raumedic® probe used in Munich 
displayed 155 mmHg.

Licox® probes showed an increase of 1.28 mmHg 
(p < 0.001) per day of use when all data with up to 20 days 
of forgone monitoring time were considered. No significant 
trend was found if readings from probes with up to 14 days 
of previous use were examined. We found no significant 
increase per day of previous use for Raumedic® probes. 
Mean absolute deviation for pairO2 from expected values was 
6.4% for Licox® and 9.7% for Raumedic® probes. Figure 1 
shows the relationship among time, location of use, and type 
of probe with the acquired room air readings.

 Discussion

Our findings show that room air may be utilized as a verification 
tool of proper function of a pbtO2 probe. Differences in geo-
graphic location and altitude are reflected accurately by room 
air readings of pbtO2 probes. For use of up to 14 days, readings 
of used probes remained stable. Even with prolonged utilization 
beyond that time period, the average drift of 1.2% per day of use 
translates to lower values than differences in measurement to be 
expected in vital brain tissue [7, 8]. Therefore, we consider 
probe drift per day of use to be clinically negligible.

The knowledge derived may help a clinician to decide 
whether previous readings obtained during clinical monitor-
ing had been accurate. In the case of challenged low (or high) 
readings during previous clinical use, a finding compliant 
with proper probe function may trigger implantation of a 
new probe. Unfortunately, our findings do not represent an 
online function test for probes under consideration. The frag-
ile nature of Licox® probes prohibits reinsertion after room 
air testing. In theory, this may be possible for the more rigid 
Raumedic® probes, but is strongly disadvised owing to 
potential breaches of sterility.

The main limitation of our study is that we did not the mea-
sure actual pairO2 with a dedicated and calibrated device. 
Rather, we relied on the theoretical calculated pairO2 value for 
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the environment of the respective location. Daily fluctuations, 
in addition to high or low barometric pressures may subtly 
alter theoretical values of pairO2. Furthermore, it was assumed 
that it remained stable when measured indoors in the ICU with 
active air conditioning. Although both manufacturers perform 
adjustment of displayed pO2 readings according to surround-
ing tissue temperature, the use of probes at room temperature 
is not at a level occurring in the living human body and outside 
of the manufacturers’ specifications. Additionally, the cleans-
ing process of the probes was not standardized and remnants 
of blood and tissue after clinical use may have contributed to 
unaccounted confounding. However, despite these limitations, 
the robustness of findings serve as important proof-of-princi-
ple of the validity of our analysis.

 Conclusion

Room air partial oxygen pressure pairO2 may be utilized to assess 
the proper function of a pbtO2 probe. When the local altitude 
above sea level is considered, it provides a tool for quality con-
trol which is easy to implement. Probe readings are stable within 
the clinically relevant range, even after prolonged use.
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Abstract Introduction: No consensus exists on the exact 
method for measuring mean arterial blood pressure (MAP) 
in the definition of cerebral perfusion pressure (CPP). The 
aim of the current study is to investigate how different 
MAP measurement methods have influenced the CPP rec-
ommendations in the Brain Trauma Foundation (BTF) 
guidelines.

Methods: All papers on which the chapter on CPP thresh-
olds in the 2007 version of the BTF guidelines is based, 
were reviewed. If accurate descriptions of head of bed ele-
vation and arterial pressure transducer height were lacking, 
the authors were emailed for clarification. Additionally, the 
effect of choosing the radial artery for MAP measurement 
and the potential effect of gravity were studied in the 
literature.

Results: Thresholds of CPP in the BTF guidelines are 
based on 11 studies. Head of bed elevation at 30° was part of 
the protocol in 5 studies, patients were nursed flat in 1 study, 
and this variable remained unknown for 5 studies. The arte-
rial pressure transducer was at heart level in 5 studies, at ear 
level in 3 studies, and height was unknown in 3 studies. 
Measuring MAP in the radial artery underestimates carotid 
artery MAP by approximately 10 mmHg in the flat position, 
and in a nonflat position gravity influences MAP of the inter-
nal carotid artery.

Conclusion: There is no uniform definition for CPP, 
which may affect conclusions on proposed CPP targets in 
severe traumatic brain injury by ±10 mmHg.

Keywords Traumatic brain injury · Cerebral perfusion pres-
sure · Mean arterial blood pressure · BTF guidelines · Radial 
artery

 Introduction

Cerebral perfusion pressure (CPP) is the driving force for 
cerebral blood flow. CPP is defined as the difference between 
the mean arterial blood pressure (MAP) and the intracranial 
pressure (ICP). The venous pressure can be omitted from this 
formula, as it is generally lower than ICP. Although the rec-
ommendation for ICP thresholds has been quite consistent in 
initiating treatment for ICP above 20 mmHg in the first three 
editions of the Brain Trauma Foundation (BTF) guidelines 
on the management of severe traumatic brain injury (TBI) 
[1–3], different recommendations have been formulated 
regarding CPP after severe traumatic brain injury in the sub-
sequent editions. In the first and second editions [1, 2], CPP 
was recommended to be kept at a minimum 70 mmHg, pre-
dominantly based on the Rosner studies [4], and the strength 
of this recommendation was “C” (option). In the third edi-
tion, this recommendation was changed to the recommenda-
tion, again with strength “C” (option), to target CPP within 
the range 50–70 mmHg [3].

No consensus exists on the exact measurement method of 
MAP in the CPP definition. Some centers install the arterial 
blood pressure transducer at the height of the atrium, whereas 
some correct for the effect of gravity on CPP when patients 
are nursed with the head at 30° by installing the arterial 
blood pressure transducer at ear level. The use of different 
measurement methods, and error ranges associated with 
these methods, may have affected the CPP thresholds in the 
guidelines. The aim of the current study is to investigate how 
different MAP measurement methods may have influenced 
the CPP recommendations in the BTF guidelines.
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 Methods

All 11 papers on which the chapter on CPP thresholds in the 
third edition (2007) of the BTF guidelines is based, were 
reviewed. If accurate descriptions of head of bed elevation 
and arterial pressure transducer height were lacking, the 
authors were emailed for clarification. Additionally, the lit-
erature was reviewed for comparison of MAP in the radial 
artery, internal carotid artery (ICA), and circle of Willis 
arteries, and for the effect of gravity on MAP measurements. 
Finally, an attempt was undertaken to adjust the CPP thresh-
olds recommended in the 11 papers by correcting for gravity, 
for MAP estimation in the ICA, and for both.

 Results

Eleven papers reporting on beneficial or nonbeneficial effects 
of CPP that is too low or too high are referenced in the third 
edition of the BTF guidelines [4–14]. Head of bed elevation 
at 30° was part of the protocol in 5 studies, patients were 

nursed flat in 1 study, and this variable remained unknown in 
5 studies. The arterial pressure transducer was at heart level 
in 5 studies, at ear level in 3 studies, and height remained 
unknown in 3 studies (Table 1).

The baroreceptor reflex notwithstanding, in a nonflat posi-
tion, MAP in the ICA is influenced by gravity [15]. If the 
patient is nursed with the head of bed raised 30°, the resulting 
hydrostatic pressure gradient is defined by the formula x = [dis-
tance ear to atrium] × sin (30°). For an adult of normal size, the 
distance from the ear to the atrium is approximately 30 cm. 
Hence, the hydrostatic pressure gradient is around 15 cmH2O 
or approximately 10 mmHg (rounded), meaning that CPP will 
be approximately 10 mmHg less than based on MAP measured 
at atrium level. In addition, if MAP is measured by cannulation 
of the radial artery, it should be realized that actual MAP in the 
CA1 segment of the ICA in a flat position is approximately 
10 mmHg higher than MAP in the radial artery [16, 17].

Table 1 shows the CPP recommendations resulting from 
each of the 11 papers and corrected figures when accounting 
for gravity, for MAP estimation in the ICA, and for both. 
When correcting for gravity, the range of advisable CPPs 
from these papers increases.

Table 1 Overview of publications in the cerebral perfusion pressure (CPP) threshold chapter of the Brain Trauma Foundation guidelines [3], their 
method of measuring CPP and corrections

Reference

Head of 
bed 
elevation

Arterial 
pressure 
transducer 
height CPP recommendation Correction for gravity

Correction for  
ICA MAP estimation

Correction for gravity  
and ICA MAP estimation

[5] Unknown Atrium >80 mmHg ~ good 
outcome

[6] Unknown Unknown CPP-based strategy  
alone not sufficient

[7] Unknown Atrium >80 mmHg ~  
good outcome

[8] 30° Ear >70 mmHg no benefit >70 mmHg no benefit >80 mmHg no benefit >80 mmHg no benefit

[4] 0° Ear >70 mmHg ~ better 
outcomes

>70 mmHg ~ better 
outcomes

>80 mmHg ~ better 
outcomes

>80 mmHg ~ better 
outcomes

[9] 30° Atrium <40 mmHg ~ poor 
outcome

<30 mmHg ~ poor 
outcome

<50 mmHg ~  
poor outcome

<40 mmHg ~ poor 
outcome

[10] 30° Atrium <60 mmHg ~ poor 
outcome; >70 mmHg  
no benefit

<50 mmHg ~ poor 
outcome; >60 mmHg 
no benefit

<70 mmHg ~ poor 
outcome; >80 mmHg 
no benefit

<60 mmHg ~ poor 
outcome; >70 mmHg no 
benefit

[11] 30° Ear >70 mmHg ~ ARDS >70 mmHg ~ ARDS >80 mmHg ~ ARDS >80 mmHg ~ ARDS

[12] 30° Atrium 50–60 mmHg ~ better 
outcomes when deficient 
autoregulation

40–50 mmHg ~ better 
outcomes when 
deficient 
autoregulation

60–70 mmHg ~ better 
outcomes when 
deficient autoregulation

50–60 mmHg ~ better 
outcomes when deficient 
autoregulation

[13] Unknown Unknown >60 mmHg no benefit

[14] Unknown Unknown CPP target is 
dynamic ~ autoregulation 
status

ICA internal carotid artery, MAP mean arterial blood pressure, ARDS acute respiratory distress syndrome
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 Discussion

In the present study, it was shown that the measurement method 
for MAP was not uniform in the 11 studies on which the CPP 
thresholds in the third edition of the BTF guidelines are based. 
For some of the papers, correction for gravity affected the con-
clusion on CPP targets by approximately 10 mmHg.

A comment often made is that gravity reduces not only MAP, 
but also ICP, rendering a rather neutral effect on CPP. Although 
this is correct per se, ICP is monitored separately in patients with 
severe TBI, including the influence of gravity. Hence, correcting 
or not-correcting the MAP signal for gravity still influences the 
final calculated CPP. The current analysis not only illustrates that 
the lack of a uniform method with regard to correction of MAP 
for gravity may confuse the guidelines. It also emphasizes that 
MAP differs depending on the artery in which it is measured. 
Given this relativity, the question is not so much what is the true 
definition of CPP (radial artery cannulation should not be aban-
doned), but rather to aim at a uniform and accurate method that 
can be adopted in all ICUs. This is not necessarily easy. Even 
with the arterial blood pressure transducer aimed at ear level, it 
was found in an audit in Glasgow that incorrect height led to 
hydrostatic pressure gradients of more than 8 mmHg in over 
35% (Ian Piper, personal communication). Replacing fixed CPP 
thresholds with dynamic targets based on autoregulation moni-
toring does provide a solution to this matter. However, in com-
parative trials testing optimal CPP methodology, a consensus on 
CPP in the control arm is needed. Also, even in dynamic target-
ing, the recommendation of safety limits may be useful.

The current analysis was presented at the ICP 2016 meet-
ing in Boston. At that time, the fourth edition of the BTF 
guidelines [18] had not yet been released. The CPP thresh-
old recommendation of the fourth edition includes 9 new 
studies and 4 studies were eliminated. Although the current 
study is based on the previous edition, this does not alter its 
message. This message is that it would be beneficial for 
comparing results of studies on severe TBI and benchmark-
ing clinical outcomes if consensus were reached on an MAP 
measurement technique in the definition of CPP.
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Abstract Objectives: Raised intracranial pressure (ICP) is 
well known to be indicative of a poor outcome in traumatic 
brain injury (TBI). This phenomenon was quantified using a 
pressure time index (PTI) model of raised ICP burden in a 
paediatric population. Using the PTI methodology, this pilot 
study is aimed at investigating the relationship between 
raised ICP and length of stay (LOS) in adults admitted to a 
neurological intensive care unit (neuro-ICU).

Materials and methods: In 10 patients admitted to the 
neuro-ICU following TBI, ICP was measured and data from 
the first 24 h were analysed. The PTI is a bounded area under 
the curve, where the bound is the threshold limit of interest 
for the signal. The upper bound of 20 mmHg for ICP is com-
monly used in clinical practice. To fully investigate the rela-
tionship between ICP and LOS, further bounds from 1 to 
40 mmHg were used during the PTI calculations. A back-
wards step Poisson regression model with a log link function 
was used to find the important thresholds for the prediction 
of full LOS, measured in hours, in the neuro-ICU.

Results: The fit was assessed using a Chi-squared devi-
ance goodness of fit method, which showed a non-signifi-
cant p value of 0.97, indicating a correctly specified model. 

The backwards step strategy, minimising the model’s Akaike 
information criteria (AIC) at each change, found that levels 
13–16, 18 and 20–21 combined were the most predictive. 
From this model it can be shown that for every 1 mmHg/h 
increase in burden, as measured by the PTI, the LOS has a 
base exponential increase of approximately 2 h, with the 
largest increases in the LOS given at the 20-mmHg thresh-
old level.

Conclusions: This model demonstrates that increased 
duration of raised ICP in the early monitoring period is asso-
ciated with a prolonged LOS in the neuro-ICU. Further vali-
dation of the PTI model in a larger cohort is currently 
underway as part of the CHART-ADAPT project. Second, 
further adjustment with known predictors of outcome, such 
as severity of injury, would help to improve the fit and vali-
date the current combination of predictors.

Keywords ICP · Length of stay · Pressure time index · 
Neuro-intensive care

 Introduction

Patient length of stay (LOS) is a key factor in both clinical 
prognostic modelling and in guiding the overall management 
of a clinical environment. This has been shown in the inten-
sive care unit (ICU) to be linked to initially poor, then subse-
quently improved, outcomes [1, 2]. The variability in 
outcome highlights the complex combination of factors that 
go into determining a patient’s LOS.

A number of these factors, such as age, gender and car-
diac complications, have all been investigated previously 
and shown to affect LOS [3, 4]. Age in particular is known 
to have a non-linear response with regard to LOS in the 
ICU [5]. This response translates in an elderly population 
into a 1-year decrease in survival, irrespective of ventila-
tion status [6].
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More specifically in a neurological intensive care unit 
(neuro-ICU), it is well documented that a raised intracranial 
pressure (ICP) is indicative of a poor outcome in traumatic 
brain injury (TBI) [7]. This phenomenon can be quantified 
using a dose- or burden-based analysis of the patient ICP [8, 
9]. In Chambers et al. [8], they use an area under the ICP 
curve analysis, known as the pressure time index (PTI) 
model, to investigate the critical pressure values that are 
indicative of poor outcome based on a dichotomised Glasgow 
Outcome Scale (GOS).

The PTI methodology was initially validated in a paediat-
ric population [8], subsequent work has shown its utility in 
an adult population [9]. An ICP value of 20 mmHg is com-
monly used in clinical practice as a critical ICP threshold in 
an adult population [7].

The aim of this pilot study is to investigate how the bur-
den of raised ICP affects the neuro-ICU LOS by using a PTI 
modelling-based approach.

 Materials and Methods

The PTI is a bounded area under the curve, where the bound 
is the threshold limit of interest for the signal [8]. This is nor-
mally implemented using Eq. (1) and is illustrated in Fig. 1.

 

PTI ICP ICP
ICP ICP

thresh time

thresh

= −( )
∀ >

∑
t

t

t:  
(1)

where ∆time is the time difference between the individual 
ICP values, measured in hours. The ICPthresh is the currently 
chosen ICP threshold. Finally, t is used to index all ICP val-
ues that are above the currently chosen threshold.

To evaluate any contribution, the new PTI value can add 
to an overall LOS prediction, ICP was measured in 10 
patients admitted to the Glasgow Institute of Neurological 
Science’s ICU following TBI and data from only the first 
24 h were analysed. The main patient demographics can be 
seen in Table 1.

For the first 24 h of each patient’s ICP recording, the PTI 
was calculated at threshold values ranging between 1 and 
40 mmHg. This enables the threshold value influence on the 
model to be studied concurrently with the overall PTI value 
investigation. To this end, a backwards step Poisson regres-
sion modelling technique using a log link function was 
chosen.

Poisson regression is useful because each patient’s LOS is 
bounded at the lower end by zero. If simple linear modelling 
was used, this fact could easily be violated by any subse-
quent predictions from the final model, which will not be the 
case when using a Poisson technique. The utility of each 
covariate estimate in the overall model is assessed by the 
standard z-test in Poisson regression.

IC
P

 (
m

m
H

g)

Time (h)

PTI (mmHg h)

ICP level bound

Fig. 1 Illustration of the main areas that would be included in the overall pressure time index calculation

Table 1 Summary of patient demographics used in the pilot study

Type Value

Number of patients 10

Male, % 90

Age, median (IQR) 52 (45.75–57.75)

Length of stay, median hours (IQR) 43.37 (38.44–63.02)

Survival rate (%) 100

IQR interquartile range

M. Shaw et al.
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The automated backwards step modelling strategy 
attempts to minimise Akaike information criteria (AIC) by 
systematically removing covariates. The AIC uses the likeli-
hood of the model being correctly specified and penalises it 
by the number of covariates in the model. By searching for 
the smallest AIC, it chooses the best fitting model with the 
fewest covariates. In this specific case, the backwards step 
strategy finds the most predictive ICP thresholds when com-
bined together into a single model.

To assess whether the final model output from the back-
ward step modelling strategy is well specified, a Chi-squared 
deviance test was performed on the model. This test assumes 
a null hypothesis that the model is correctly specified; there-
fore, a non-significant p value for this test would imply that 
the model variables have been chosen correctly.

 Results

The modelling variable estimates and corresponding stan-
dard errors and p values are shown in Table 2. The Chi-
squared deviance test gave a non-significant p value, in this 
case p = 0.97, which would imply that the final model vari-
ables have been chosen correctly.

The backwards step Poisson regression modelling strat-
egy found that levels 13–16 mmHg, 18 mmHg and 
20–21 mmHg combined were the most predictive, as shown 
in Eq. (2).

 LOS e= − + − − + −0 237 0 585 1 06 0 621 1 184 3 09113 14 15 16 18 20. . . . . .L L L L L L 22 016 0 13521. .L +( )  

(2)

where LN is the value of the PTI at a given threshold level 
of N.

 Discussion

Interpreting the estimates in this model is a complex task, as 
it is multi-factorial with regard to the calculation of the PTI 
burden at a chosen threshold level. To simplify this signifi-
cantly, analysis of the change in LOS, given a constant 
change in the PTI indices, could be performed.

It can then be shown that that for every 1 mmHg h 
increase in burden as measured by PTI the LOS has a base 
exponential increase of 1.12 h. However, this is likely to be 
an underestimation because of the nature of the simplifica-
tion introduced. This probably implies that the approximate 
increase is closer to 2 h, with the largest increases in the 
LOS given by the 20-mmHg threshold level (as shown in 
Table 2).

This critical threshold value represents the turning point 
where the patient LOS begins to diverge from its optimal 

value because of the insult burden from the raised ICP. This 
value of 20 mmHg shown from the model is also in line with 
current clinical practice on the management of ICP.

This multi-factorial model shows promise for use in con-
junction with the other known predictors from the current 
literature. However, owing to the pilot nature of this study, 
the model is close to being fully saturated. This results in a 
predilection towards overfitting during the modelling pro-
cess. There is a definite need in this case to retune the model 
in a larger cohort of patients, enabling more accurate calcula-
tions of the model covariate estimates. This retuning would 
also address the issue that the model has been built on a 
cohort of patients who all survived and had a higher than 
average gender bias towards male subjects.

 Conclusions

This model demonstrates that increased duration of raised 
ICP in the early monitoring period is associated with a pro-
longed LOS in the neuro-ICU. Further validation of the PTI 
model in a larger cohort is currently underway as part of the 
Connecting Healthcare and Research Through a Data 
Analysis Provisioning Technology (CHART-ADAPT) proj-
ect [10]. Second, further adjustment with known predictors 
of outcome, such as severity of injury, would help to improve 
the fit and validate the current combination of predictors.
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Abstract Objectives: Retrospective data from patients with 
severe traumatic brain injury (TBI) indicate that deviation 
from the continuously calculated pressure reactivity-based 
“optimal” cerebral perfusion pressure (CPPopt) is associated 
with worse patient outcome. The objective of this study was 
to assess the relationship between prospectively collected 
CPPopt data and patient outcome after TBI.

Methods: We prospectively collected intracranial pressure 
(ICP) monitoring data from 231 patients with severe TBI at 
Addenbrooke’s Hospital, UK. Uncleaned arterial blood pres-
sure and ICP signals were recording using ICM+® software on 
dedicated bedside computers. CPPopt was determined using an 
automatic curve fitting procedure of the relationship between 
pressure reactivity index (PRx) and CPP using a 4-h window, as 
previously described. The difference between an instantaneous 
CPP value and its corresponding CPPopt value was denoted 
every minute as ΔCPPopt. A negative ΔCPPopt that was associ-
ated with impaired PRx (>+0.15) was denoted as being below 
the lower limit of reactivity (LLR). Glasgow Outcome Scale 
(GOS) score was assessed at 6 months post-ictus.

Results: When ΔCPPopt was plotted against PRx and 
stratified by GOS groupings, data belonging to patients with 
a more unfavourable outcome had a U-shaped curve that 

shifted upwards. More time spent with a ΔCPPopt value 
below the LLR was positively associated with mortality 
(area under the receiver operating characteristic curve = 0.76 
[0.68–0.84]).

Conclusions: In a recent cohort of patients with severe 
TBI, the time spent with a CPP below the CPPopt-derived 
LLR is related to mortality. Despite aggressive CPP- and 
ICP-oriented therapies, TBI patients with a fatal outcome 
spend a significant amount of time with a CPP below their 
individualised CPPopt, indicating a possible therapeutic 
target.

Keywords Traumatic brain injury · Intracranial pressure · 
Cerebral hemodynamics · Autoregulation · Cerebral 
 perfusion pressure

 Introduction

Maintaining adequate cerebral perfusion pressure (CPP) is 
imperative for preventing cerebral hypoperfusion and isch-
aemia after severe traumatic brain injury (TBI). However, 
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defining what might be an optimal CPP is uncertain: a CPP 
that is too low risks hypoperfusion, whereas a CPP that is 
too high risks cerebral hyperaemia. As such, the Brain 
Trauma Foundation recommends maintaining CPP some-
where between 60 and 70 mmHg [1]. However, applying 
rigid thresholds may not be appropriate for all patients [2].

Various physiological markers have been proposed as 
guides as to what may constitute an optimal CPP, including 
cerebral microdialysis, brain tissue oxygenation, or cere-
bral autoregulation. Estimating at which CPP cerebral 
autoregulation is most efficient is an attractive avenue as 
cerebral autoregulation per se is related to patient outcome 
and it can be estimated continuously using the pressure 
reactivity index (PRx) [3]. Previous investigations using 
retrospective datasets have ascertained that continuously 
estimating the optimal CPP (CPPopt) is feasible and is 
related to outcome [4–8].

The aim of this study was to ascertain whether prospec-
tively collected optimal CPP data collected at the bedside, 
without any post-processing manual artefact removal, is at 
all related to patient outcome after severe TBI. This is a short 
version based on an oral presentation during the Intracranial 
Pressure 2016 Symposium in Boston, USA. The full paper, 
containing an extended analyses is available in Critical Care 
Medicine [9].

 Materials and Methods

 Patients

Two hundred and thirty-one patients with severe TBI who 
were at Addenbrooke’s Hospital Neurocritical Care Unit 
between 2010 and 2015 and who underwent computerised 
intracranial pressure (ICP) monitoring were selected for this 
analysis. National ethical approval was obtained (30 REC 
97/291) and patients were treated according to published 
protocolised guidelines [10], with attempts to maintain 
ICP < 20 and CPP between 60 and 70 mmHg [1].The 
Glasgow Outcome Scale (GOS) was assessed at 6 months by 
outpatient assessment [11]. The primary outcome of this 
study was survival at 6 months.

 Data Acquisition and Analyses

Intracranial pressure was monitored using an intraparenchy-
mal sensor (Codman ICP Micro-Sensor; Codman & 
Shurtleff, Raynham, MA, USA) inserted into the frontal cor-
tex via a burr hole and arterial blood pressure (ABP) was 

monitored in the radial or femoral artery zeroed at the level 
of the right atrium (Baxter Health-care CA, USA; Sidcup, 
UK). In patients with head elevation, no corrections were 
made for hydrostatic pressure differences. Data were sam-
pled at 100 Hz using proprietary data acquisition software, 
which was also used to calculate the PRx and CPPopt  
on-line (ICM+©, http://www.neurosurg.cam.ac.uk/icmplus; 
Cambridge Enterprise, Cambridge, UK).

The PRx was calculated over a 5-min moving window as 
the Pearson correlation of 30 consecutive 10-s average val-
ues of ABP and ICP, as previously described [12] and CPPopt 
was also calculated as previously described (see appendix in 
Aries et al. [5]). ΔCPPopt was calculated as the mean CPP 
over a 5-min buffer, minus the current CPPopt value 
estimate.

 Analysis of CPPopt Data

A method of incorporating information about the PRx into 
CPPopt assessment was developed based on initial explor-
atory analysis of the minute-by-minute ΔCPPopt and PRx 
data (Fig. 1). First, each PRx value was dichotomised into 
intact and impaired vascular reactivity using a threshold  
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Fig. 1 Relationship between the difference between cerebral perfusion 
pressure (CPP) and optimal CPP (CPPopt; ΔCPPopt) and the pressure 
reactivity index (PRx), stratified by 6-month Glasgow Outcome Scale 
score. From top to bottom the fitted (generalised additive model) curves 
represent data from patients who subsequently died, had severe disabil-
ity, had moderate disability, or had a good recovery. With increasing 
burden of disability, the U-shaped relationship between ΔCPPopt and 
PRx is shifted superiorly, indicating a narrower range of ΔCPPopt val-
ues associated with a good PRx. For subsequent calculations, an indi-
vidualised dichotomisation of whether a patient’s CPPopt value was 
below the individualised lower limit of reactivity (LLR) was devised. 
Using a cut-off for impaired PRx of 0.15 a.u. (dotted line), a CPP below 
the LLR was defined as CPP that was lower than CPPopt and was asso-
ciated with a PRx greater than 0.15 a.u.
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of +0.15 a.u. Then, each continuously derived ΔCPPopt value 
was coupled with its time-aligned dichotomised PRx value to 
give an estimate of whether the current CPP was above or 
below the limits of working cerebrovascular pressure reactiv-
ity. The percentage of time each patient spent with their CPP 
below the lower limit of reactivity (LLR) was calculated 
using the total time CPPopt was available as the denominator. 
These percentage times were compared across GOS groups.

 Statistical Analysis

The relationship between time spent with CPP below the 
LLR and mortality was assessed using a ROC analysis with 
area under the curve descriptives. The ability of time spent 
below LLR to differentiate between survivors and non- 
survivors was compared with time spent with CPP below the 
fixed thresholds of 50, 60 and 70 mmHg by comparing area 
under the curve (AUC) values. The Delong test was used to 
detect statistically significant differences. All data manipula-
tion and statistical analyses were conducted in the R lan-
guage and software environment for statistical computation 
(version 2.12.1) [13]. The following packages were used: 
dplyr [14], ggplot2 [15], MASS [16] and pROC. The signifi-
cance level was set at p < 0.05.

 Results

Mean age of the cohort was 42 years and 19% were women. 
Of the 231 patients 21% died, 33 were severely disabled, 
28% had moderate disability, and 17% had a good recovery.

The CPPopt calculated at the bedside was available on 
average 60% of total monitoring time (IQR 50.2–68.4).

When the difference between CPP and CPPopt was plot-
ted against the PRx, a U-shaped curve was obtained, and the 
patients’ eventual outcome seemed to determine the vertical 
position of these curves (Fig. 1). Those patients who died 
had a ΔCPPopt–PRx curve that was shifted upwards and had 
steeper edges, indicating in these patients a narrower range 
of CPP with adequate pressure reactivity.

Using a cut-off for an intact PRx of +0.15, those with a 
better outcome spent a shorter amount of time with a 
ΔCPPopt below the LLR (good recovery 13.7%, moderate 
disability 16.5%, severe disability 18.6%, dead 33.3%. The 
amount of time with CPP below the LLR was superior to 
using the fixed threshold of 50 or 70 mmHg in differentiating 
survivors from non-survivors and showed a tendency towards 
being superior to a fixed threshold of 60 mmHg (%time 
CPP < LLR AUC = 0.76 (0.68–0.84), %time CPP < 50 mmHg 
AUC = 0.64 (0.54–0.74), %time CPP < 60 AUC = 0.67 

(0.57–0.77), %time CPP < 70 mmHg AUC = 0.58 (0.48–
0.69); Table 1).

 Discussion

In this study, we demonstrate that CPPopt calculated at the 
bedside has prognostic importance after severe TBI. In addi-
tion, post-hoc analysis revealed that time spent with CPPopt 
below the individualised LLR may be a practical and prog-
nostic metric for the adequacy of a patient’s CPP.

Retrospective studies assessing a PRx-based CPPopt and 
outcome are limited to one large analysis (330 patients) [5] 
and several smaller pilot studies [6, 17, 18]. In addition, 
Depretiere et al. have shown the prognostic importance of an 
alternative method for determining CPPopt [7, 8]. For the 
current PRx-based method to be of practical use after TBI, 
the algorithm must be validated in a large cohort that is inde-
pendent from the dataset used to derive the current CPPopt 
algorithm.

In this cohort, the time spent with a CPP below the LLR 
was associated with patient outcome. Importantly, the time 
spent with a CPP below the LLR was superior to fixed 
thresholds 50 or 70 mmHg and showed a tendency towards 
being superior to a threshold of 60 mmHg (Table 1). This 
provides evidence that individualised autoregulation- guided 
CPP management may be beneficial after severe TBI.

The precise threshold of PRx that indicates impaired cere-
brovascular reactivity is largely unclear; a PRx < 0 is thought 
to indicate working pressure reactivity [19] and has been asso-
ciated with a favourable outcome [20], whereas a PRx > 0.3 
was strongly associated with mortality in TBI patients [20]. In 
light of these considerations, we used a value between these 
cut-off points (PRx = +0.15) as our threshold for dividing 
between working and impaired pressure reactivity.

In the current study, CPPopt was only available on aver-
age for 60% of the monitoring time. This low yield limits the 
practical utility of the current CPPopt methodology. 
However, one method has been proposed that produces a 

Table 1 Area under the receiver operating characteristic curve for dif-
ferentiating survivors from non-survivors comparing the time spent 
with individualised CPP below LLR with time spent below fixed thresh-
olds of CPP

% Time
AUC survivors vs 
non-survivors

p value fixed threshold vs 
individualised LLR

CPP < LLR 0.76 (0.68–0.84)

CPP <50 0.64 (0.54–0.74) 0.046

CPP <60 0.67 (0.57–0.77) 0.11

CPP <70 0.58 (0.48–0.69) <0.001

CPP cerebral perfusion pressure, AUC area under the curve, LLR lower 
limit of reactivity

Pressure Reactivity-Based Optimal Cerebral Perfusion Pressure in a Traumatic Brain Injury Cohort



212

yield almost 100% of the time [7], and similar approaches 
are currently under development.

Furthermore, although the current study used prospec-
tively collected CPPopt data from the bedside and showed an 
effect on outcome, whether targeting CPPopt improves out-
come remains to be elucidated. Furthermore, the safety of a 
CPPopt based therapy is as yet unknown. Thus, studies 
investigating feasibility and clinical safety should be per-
formed before conducting an outcome based randomised 
controlled trial of CPPopt-targeted therapy.

 Conclusion

In this large severe TBI study, the time that CPP was 
below the lower limits of cerebral vascular reactivity was 
associated with increased mortality 6 months after ictus 
and seemed to be superior to time spent below the fixed 
thresholds of CPP. Further studies should focus on the 
clinical safety and feasibility of autoregulation-based 
CPP management.
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Abstract Objective: Most of the astronauts onboard the 
International Space Station (ISS) develop visual impairment 
and ocular structural changes that are not fully reversible 
upon return to earth. Current understanding assumes that the 
so-called visual impairments/intracranial pressure (VIIP) 
syndrome is caused by cephalad vascular fluid shift. This 
study assesses the roles of cerebrospinal fluid (CSF) and 
intracranial pressure (ICP) in VIIP.

Materials and methods: Seventeen astronauts, 9 who flew 
a short-duration mission on the space shuttle (14.1 days [SD 
1.6]) and 7 who flew a long-duration mission on the ISS 
(188 days [SD 22]) underwent MRI of the brain and orbits to 
assess the pre-to-post spaceflight changes in four categories: 
VIIP severity measures: globe flattening and nerve protru-
sion; orbital and ventricular CSF volumes; cortical gray and 
white matter volumes; and MR-derived ICP (MRICP).

Results: Significant pre-to-post-flight increase in globe 
flattening and optic nerve protrusion occurred only in the 
long-duration cohort (0.031 [SD 0.019] vs −0.001 [SD 
0.006], and 0.025 [SD 0.013] vs 0.001 [SD 0.006]; 
p < 0.00002 respectively). The increased globe deformations 
were associated with significant increases in orbital and ven-
tricular CSF volumes, but not with increased tissue vascular 
fluid content. Additionally, a moderate increase in MRICP of 
6 mmHg was observed in only two ISS astronauts with large 
ocular structure changes.

Conclusions: These findings are evidence for the primary 
role of CSF and a lesser role for intracranial cephalad fluid- 
shift in the formation of VIIP. VIIP is caused by a prolonged 

increase in orbital CSF spaces that compress the globes’ pos-
terior pole, even without a large increase in ICP.

Keywords Visual impairment/intracranial pressure syn-
drome · Globe flattening · Optic nerve protrusion · 
Quantitative MRI · Cephalad fluid shift

 Introduction

In 2005, NASA recognized an ophthalmological health risk 
that evolves during long-duration spaceflight, and has 
affected some two thirds of US crew members who flew on 
the International Space Station (ISS) [1]. Crew members 
who have been classified as having the visual impairment/
intracranial pressure (VIIP) syndrome experience visual per-
formance decrements accompanied by ocular structural 
changes [2–4]. The most common features of VIIP are hyper-
opic shift, varying degrees of optic nerve protrusion (NP), 
optic disc edema, flattening of the posterior sclera, retrobul-
bar expansion of the optic nerve sheath, and choroidal folds. 
Following their return to Earth, these changes have partially 
reversed in some astronauts, but persist in others [2].

Attempts to explain VIIP focused on cephalad vascular fluid 
shift, in which the absence of gravitational force disrupts the 
balance between hydrostatic and local tissue pressures [5–7]. 
Mader et al. postulated that the cephalad fluid shift affects the 
eyes directly by causing swelling of the choroid and indirectly 
through increased ICP, through impaired cerebrospinal fluid 
(CSF) absorption, and/or through a hydrostatically driven 
increase in the interstitial fluid content of cerebral tissue [2].

One factor that hinders the elucidation of the mechanism 
leading to VIIP is a lack of quantitative, continuous, and 
reproducible measures of VIIP severity. The NASA-proposed 
VIIP clinical practice guideline (CPG) classifies the severity 
of VIIP using a four-class ordinal scale based on a refractive 
change greater than >0.5 diopter and subjective assessment 
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of the presence of orbital and ocular changes, such as nerve 
sheath distention and/or globe flattening (GF). VIIP CPG 
classes 1 and 2 are used when there is no evidence for optic 
disc edema, and CPG classes 3 and 4 are used when there is 
low-grade (Frisén scale 0–2), and high grade (Frisén scale 3 
and above) optic disc edema.

The most consistent imaging signs of VIIP in affected 
astronauts are flattening of the posterior sclera and protru-
sion of the optic disc into the globe [2]. However, determin-
ing the magnitude of globe deformations by subjective visual 
inspection lacks consistency and sensitivity. This work 
incorporates novel enabling technology to quantify the 3D 
globe morphology [10] and derive continuous, objective, and 
reproducible measures of VIIP severity. Pre-to-post-flight-
accumulated globe deformations in astronauts who flew 
short- and long-duration spaceflight missions were quanti-
fied and then tested for associations with changes in CSF and 
cerebral vascular volumes, in addition to MR-derived ICP to 
elucidate the mechanism of VIIP.

 Materials and Methods

 Participants and Imaging

All participating astronauts provided written informed con-
sent. MRI scans of the brain and the orbits, performed using a 
3-T scanner (Verio, Siemens Healthcare) in 16 astronauts 
before and shortly after their return from space, were analyzed 
to quantify pre-to-post flight cerebral and ocular changes. 
Findings in 7 astronauts (mean age 46.1 years [SD5.5]) who 
flew a long-duration mission on the ISS (mean duration of 
188 days [SD 22]) were compared with those in 9 astronauts 
(mean age of 46.9 years [SD 2.6]) who flew a short-duration 
mission on the Space Shuttle (14.1 days [SD 1.6]). Five astro-
nauts primarily from the short duration group had previously 
flown a long-duration mission on the ISS. Imaging of the brain 
included a T1-weighted 3D MPRAGE scan with 0.9-mm slice 
thickness and 1.0-mm in- plane resolution, and imaging of the 
orbits included three T2-weighted 3D TSE-FS scans, a bilat-
eral scan with 0.8-mm isometric resolution, and a separate 
acquisition for each eye with 0.6-mm isotropic resolution.

 Image Data Analysis

The deformations of the eye globes in astronauts with signs of 
VIIP are well illustrated by MRI [2, 3], although determining 
the magnitude of the deformations by subjective visual 
inspection has insufficient sensitivity for quantitation of the 
spaceflight-induced changes. A computerized approach to the 
quantitation of GF and NP, previously used in idiopathic 

intracranial hypertension (IIH) [8] was used as an objective 
measure of VIIP severity. Briefly, the computerized approach 
automatically segments the eye globe and converts the com-
plex 3D curvature of the posterior wall into a 2D color map of 
the distances from the center of the globe to every point on 
the posterior hemisphere of the globe. A perfectly round 
hemisphere has a uniform color distance map, with all dis-
tances equal to the radius of that hemisphere. Measures of GF 
and NP are then derived from ratios of distances to the optic 
disc region, its surrounding region, and the peripheral regions. 
The respective roles of the CSF and vascular fluid in VIIP 
were then tested by determining associations between globe 
deformations, increases in ventricular and orbital CSF vol-
umes, and/or with the vascular fluid content of brain tissue.

 Determination of the Intra-Orbital 
CSF Volume

The CSF space around the extra-cranial segment of the optic 
nerve is adjacent to the posterior pole of the eye globe and 
therefore, expansion of this space can cause globe deforma-
tions. Reliable measurements of changes in this small CSF 
space shape and size are challenging and therefore a comput-
erized approach developed for spinal CSF [9] was tailored for 
this purpose. Briefly, the algorithm first identifies the optic 
nerve path within the orbit. The surrounding CSF region is 
then segmented on perpendicular consecutive planes using 
2D matched filters optimized to detect annular shapes.

 Determination of Changes in Ventricular CSF, 
Cerebral Vascular Fluid Volumes, and MRICP

Volumes of the ventricles, cortical gray matter (GM) and white 
matter (WM) brain tissues were obtained using FreeSurfer 
software [10]. The segmented brain region includes the cellu-
lar, vascular and interstitial fluid compartments. Therefore, pre-
to-post-flight changes in GM and WM volumes mainly 
represent the change in the cerebral vascular fluid content.

The previously described MRICP method was used to 
derive the intracranial compliance based on the ratios of the 
volume and pressure changes during the cardiac cycle. The 
ICP is then estimated using the inverse relationship between 
compliance and ICP [11].

 Statistical Methods

Significance of differences in baseline measures and pre-to- 
post-flight changes between the short- and long-duration 
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cohorts were assessed using an unpaired t test. The associa-
tions among individual measures were tested using 
Spearman’s correlation coefficients (SCCs). SCCs were pre-
ferred over Pearson’s correlation coefficient when a linear 
association between the variables was not necessarily 
expected and when a scatter plot of the variables indicated 
outlier data points. Statistical analyses were performed using 
MATLAB (The MathWorks, Natick, MA, USA).

 Results

 Baseline and Pre-to-Post-Flight-
Accumulated VIIP-Related Changes

Preflight and pre-to-post-flight changes in VIIP measures 
(GF and NP indices), CSF volumes (orbital and ventricular), 
and brain tissue volumes (GM and WM) are listed in Table 1. 
Preflight baseline measures were similar in the short- and 
long-duration cohorts, except for GF. Baseline mean GF 
index was significantly larger in the short-duration cohort. 
The astronauts who had previously flown a long-duration 
mission had significantly increased GF and NP indices at 
baseline relative to the other astronauts with no previous 
long-duration spaceflight experience (1.12 [SD 0.03] vs 1.09 
[SD 0.03]; p = 0.03, and 1.08 [SD 0.02] vs 1.05 [SD 0.01];  
p = 0.002) respectively.

Post-flight, 6 of the 9 short-duration astronauts and 6 of 
the 7 long-duration astronauts were classified by NASA 
flight surgeons as having VIIP based on CPG classification. 
The 6 short-duration astronauts all had class 2 and of the 6 
long-duration astronauts, 4 had class 2 and 2 had class 3 
(with optic disc edema).

Pre-to-post-flight ocular changes measured using quantita-
tive imaging demonstrated significant increases in GF and NP 
only in the long-duration cohort. The changes in the short-dura-
tion cohort were within the range of measurement variability.

 Baseline and Pre-to-Post-Flight-
Accumulated Change in CSF Volumes

There were no statistically significant differences in baseline 
orbital and ventricular CSF volumes between the short- and 
long-duration astronauts. Pre-to-post-flight change in the 
orbital and ventricular CSF volume was insignificant in the 
short-duration group, but significant in the long-duration 
cohort, with an average increase of 51 μl. Intracranial ven-
tricular CSF volume demonstrated a similar behavior. Post- 
flight, ventricular CSF volume did not change in the 
short-duration cohort. However, a significant increase of 
2.9 ml was measured in the long-duration cohort. In contrast 
to CSF volume, the post-flight GM and WM brain tissue vol-
umes did not increase. The post-flight median GM and WM 
volumes were actually smaller in the long-duration cohort 
compared with the short-duration group, but the differences 
were not significant.

 Associations Between Ocular Changes 
and Changes in CSF, Vascular Fluid Volumes, 
and MRICP

Testing for associations between the ocular changes and CSF 
volumes revealed significant positive associations with the 
orbital and ventricular CSF volumes. The changes in GF and 
NP were positively associated with the increase in the orbital 
CSF volume, with SCC of 0.58 (p = 0.0005) and 0.68 
(p < 0.00001) respectively. The associations of the GF and 
NP with changes in the ventricular volume were also signifi-
cant with SCC of 0.63 (p = 0.0001) and 0.71 (p < 0.00001) 
respectively. In contrast, the associations with cortical GM 
(SCC of −0.31, p = 0.08 and −0.33, p = 0.07) and WM vol-
umes (SCC of −0.06, p = 0.76 and −0.18, p = 0.33) were not 
significant. Globe deformations were not associated with an 
increase in brain tissue volume.

Table 1 Mean and SD of preflight baseline measures and accumulated pre-to-post-flight changes for the short- and long-duration cohorts

Preflight baseline Pre-to-post-flight changes

GF NP Orbital 
CSF 
Vol. 
(μl)

Vent. 
CSF 
Vol. 
(ml)

GM 
Vol. 
(ml)

WM 
Vol. 
(ml)

Change in 
GF

Change in 
NP

Change 
in orbital 
CSF Vol. 
(μl)

Change 
in Vent. 
CSF 
Vol. 
(ml)

Change 
in GM 
Vol. 
(ml)

Change 
in WM 
Vol. 
(ml)

Short- 
duration 
(n = 9)

1.10 
(0.03)

1.06 
(0.02)

227 
(156)

18.4 
(13.5)

484 
(38.7)

502 
(37.7)

−0.001 
(0.006)

−0.002 
(0.007) 1.8 (29)

0.0 
(0.4)

−1.8 
(7.1)

3.9  
(7.7)

Long- 
duration 
(n = 7)

1.08 
(0.02)

1.05 
(0.01)

239 
(114)

19.8 
(9.6)

492 
(11.3)

516 
(39.9)

0.031 
(0.019)

0.026 
(0.013)

51 (37) 2.9 
(3.0)

−5.4 
(6.3)

1.5  
(8.7)

p value 0.03 0.16 0.79 0.82 0.59 0.47 0.00002 <0.00001 0.0005 0.048 0.31 0.58

GF globe flattening, NP nerve protrusion, CSF cerebrospinal fluid, GM gray matter, WM white matter
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Finally, pre-to-post-flight MRICP was not statistically 
different in both cohort except for a moderate increase in of 
about 6 mmHg, that  was observed in two ISS astronauts 
with large ocular structural changes.

 Discussion

Using automated quantitation of the ocular structural 
changes observed in VIIP, namely GF and optic NP, and 
automated segmentation of the orbital CSF space around 
the optic nerve, this study documented that VIIP-associated 
ocular changes occur only during long-duration spaceflight 
and that the magnitude of the ocular changes correlate 
 significantly with increases in the orbital CSF volume. 
The computerized quantitation of the globe deformations 
yields continuous and reproducible measures of GF and NP 
that have stronger statistical power compared with the 
 ordinal measures available with subjective assessments. 
Therefore, the automated quantitation enabled the discov-
ery of the correlations between the ocular changes and 
increased orbital CSF volume, even with a relatively 
small n, thereby establishing the primary role of CSF in the 
 formation of VIIP.

Findings in this study also explain several VIIP-related 
symptoms. GF causes shortening of the optical axis leading 
to the hyperopic shift commonly experienced by astronauts 
on the ISS.

Another intriguing finding was the more flattened globes at 
baseline in the short-duration cohort compared with the long-
duration group. We attribute this to the fact that 4 of the 9 short-
duration astronauts had undertaken a previous long- duration 
mission on the ISS compared with only 1 from the long-dura-
tion cohort. Comparing the 4 short-duration astronauts who 
had undertaken a previous mission with the 5 short-duration 
astronauts who did not reveal that both the GF and the NP were 
significantly increased in the astronauts who had undertaken a 
previous long-duration mission several years back. This implies 
that the space-induced globe deformations do not fully reverse 
upon return to earth, at least not for several years. This also 
explains why short- duration astronauts were classified as hav-
ing VIIP based on the CPG and the misconception that VIIP 
also occurs during short-duration spaceflight [2, 3].

Findings in this study lessen support for the role of intra-
cranial cephalad vascular fluid shift in VIIP, as globe defor-
mations were not positively associated with increases in 
brain tissue volumes. A pictorial summary of the proposed 
mechanism for VIIP formation contracted based on our find-
ings is shown in Fig. 1.

a

b d

e

c

Fig. 1 A pictorial summary of the proposed mechanism for VIIP forma-
tion. (a) The lack of gravity in space eliminates movement of CSF from 
the cranium to the spinal canal. Significant pre-to-post-flight increase in 
ventricular (b) and orbital (c) CSF volumes occurred only in the 
 long-duration astronauts (green- preflight, red- pre-to-post-flight CSF 

boundaries). (d) Expansion of the orbital CSF space likely compresses 
the posterior pole of the eye globe resulting with the observed ocular 
deformations. (e) VIIP symptoms linked with the observed ocular 
deformations
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 Conclusions

Using continuous, quantitative measures of VIIP-related oph-
thalmic deformations, this study provides evidence for the pri-
mary role of CSF in the formation of VIIP and a lesser role for 
intracranial cephalad vascular fluid-shift. The ocular changes 
occurring during long-duration exposure to microgravity are 
significantly associated with a large increase in orbital and 
ventricular CSF volumes, but not with brain tissue volumes.

Funding Information This work has been funded by NASA grants 
NNX14AB51G through a Cooperative Agreement to Alperin 
Noninvasive Diagnostics, Inc.

Conflicts of interest statement Noam Alperin is a shareholder in 
Alperin Noninvasive Diagnostics Inc.

References

 1. NASA. Human Exploration Research Opportunities (HERO) 
NNJ14ZSA001N-MIXEDTOPICS Appendix E: Behavioral health 
& performance and human health countermeasures topics. 2015.

 2. Mader TH, Gibson CR, Pass AF, Kramer LA, Lee AG, Fogarty 
J, et al. Optic disc edema, globe flattening, choroidal folds, and 
hyperopic shifts observed in astronauts after long-duration space 
flight. Ophthalmology. 2011;118(10):2058–69. doi: 10.1016/j.
ophtha.2011.06.021

 3. Kramer LA, Sargsyan AE, Hasan KM, Polk JD, Hamilton DR. Orbital 
and intracranial effects of microgravity: findings at 3-T MR imaging. 
Radiology. 2012;263(3):819–27. doi: 10.1148/radiol.12111986

 4. Mader TH, Gibson CR, Pass AF, Lee AG, Killer HE, Hansen HC, 
et al. Optic disc edema in an astronaut after repeat long-duration 
space flight. J Neuroophthalmol. 2013;33(3):249–55.

 5. Parazynski SE, Hargens AR, Tucker B, Aratow M, Styf J, 
Crenshaw A. Transcapillary fluid shifts in tissues of the head and 
neck during and after simulated microgravity. J Appl Physiol. 
1991;71(6):2469–75.

 6. Herault S, Fomina G, Alferova I, Kotovskaya A, Poliakov V, 
Arbeille P. Cardiac, arterial and venous adaptation to weightless-
ness during 6-month MIR spaceflights with and without thigh cuffs 
(bracelets). Eur J Appl Physiol. 2000;81(5):384–90.

 7. Hargens AR, Richardson S. Cardiovascular adaptations, fluid 
shifts, and countermeasures related to space flight. Respir Physiol 
Neurobiol. 2009;169(Suppl 1):S30–3.

 8. Alperin N, Bagci AM, Lam BL, Sklar E. Automated quantitation of 
the posterior scleral flattening and optic nerve protrusion by MRI 
in idiopathic intracranial hypertension. AJNR Am J Neuroradiol. 
2013;34(12):2354–9. doi: 10.3174/ajnr.A3600

 9. Alperin N, Bagci AM, Lee SH, Lam BL. Automated quantitation of 
spinal CSF volume and measurement of craniospinal CSF redistri-
bution following lumbar withdrawal in idiopathic intracranial hyper-
tension. AJNR Am J Neuroradiol. 2016.; doi: 10.3174/ajnr.A4837

 10. Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, 
et al. Whole brain segmentation: automated labeling of neuroana-
tomical structures in the human brain. Neuron. 2002;33(3):341–55.

 11. Alperin NJ, Lee SH, Loth F, Raksin PB, Lichtor T. MR-Intracranial 
pressure (ICP): a method to measure intracranial elastance and 
pressure noninvasively by means of MR imaging: baboon and 
human study. Radiology. 2000;217(3):877–85. doi:  10.1148/
radiology.217.3.r00dc42877

Spaceflight-Induced Visual Impairment and Globe Deformations in Astronauts



221T. Heldt (ed.), Intracranial Pressure & Neuromonitoring XVI, Acta Neurochirurgica Supplement, Vol. 126,
https://doi.org/10.1007/978-3-319-65798-1_45, © Springer International Publishing AG 2018

Abstract Objective: In the case of ventriculomegaly in the 
elderly, it is often difficult to differentiate between commu-
nicating chronic hydrocephalus (CCH) and brain atrophy. 
The aim of this study is to describe the MRI criteria of CCH, 
defined by a symptomatic patient with ventriculomegaly and 
that improved after shunt placement.

Materials and methods: Magnetic resonance imaging was 
prospectively evaluated in 90 patients with ventriculomeg-
aly. Patients were classified into three groups: patients with-
out clinical signs of CCH (control, n = 47), patients with 
CCH treated by shunt placement with clinical improvement 
(responders, n = 36), and patients with CCH treated using a 
shunt without clinical improvement (nonresponders, n = 7). 
MRI parameters of the two groups of interest (responders vs. 
controls) were compared.

Results: Compared with controls, Evans’ index (p = 0.029), 
ventricular area (p < 0.01), and volume (p = 0.0001) were 
higher in the responders. In this group, the callosal angle was 
smaller (p ≤ 0.0001) and the aqueductal stroke volume (SVa) 
of CSF was higher (p ≤ 0.0001) than in controls. On the ROC 
curves, the optimal cut-off values for differentiating between 
responders and controls were a ventricular area >33.5 cm2, a 
callosal angle <90.8° and a SVa > 136.5 μL/R-R. In multivari-
ate analysis, responders remained associated with SVa and 
callosal angle, with a c-statistic of 0.90 (95%CI, 0.83–0.98).

Conclusion: On suspicion of CCH, a large ventricular 
area, a small callosal angle, and an increased aqueductal 
stroke volume are important MRI arguments that can be 
associated with the clinical evaluation and dynamic testing 
of CSF to confirm the indication for a shunt.

Keywords Normal pressure hydrocephalus • Cerebrospinal 
fluid • MRI • Ventriculoperitoneal shunt • Ventriculomegaly

 Introduction

Chronic communicating hydrocephalus (CCH) is a neuro-
logical disorder that is partially reversible if treated using 
shunt surgery. It is characterized by a triad of symptoms, i.e., 
gait disturbance, cognitive impairment, and urinary inconti-
nence. Radiological diagnosis of CCH is often difficult to 
differentiate from normal aging and vascular dementia, in 
which brain atrophy with ventricular dilatation is present. 
Several quantitative parameters had been suggested as pre-
dictive of the shunt response. High-convexity tightness is a 
neuroimaging feature predictive of shunt response [1]. The 
callosal angle was first described by Benson et al. for the 
diagnostic finding of NPH on pneumoencephalography [2] 
and was then used by other teams [3]. More recently, Ishii 
et al. [4] found a smaller callosal angle in a group of hydro-
cephalus patients, in comparison with a group of patients 
with Alzheimer’s disease. A sharp callosal angle, <90°, is 
produced by elevation of dilated lateral ventricles and com-
pression by dilated lateral commissure. Virhammar et al. also 
reported that the callosal angle is smaller in shunt-responsive 
hydrocephalus patients than in non-responsive patients [5], 
with a very reproducible measurement.

Recently, our understanding of CSF dynamics has also 
been considerably improved by the use of phase-contrast 
magnetic resonance imaging (PCMRI). MRI may demon-
strate CSF “flow void” in the aqueduct [6]. During the car-
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Table 1 Sequence parameters

Sequence TR (ms) TE (ms) Voxel size (mm) FOV Slices Flip angle (°)

3D T1 9.8 4.6 0.88 × 1.19 × 1 200 × 239 × 176 176 8

T2 Brainview 2,500 700 1.1 × 1.1 × 2.2 200 × 239 × 176 164 90

Phase contrast MRI 15 10 1.5 × 1.5 × 5 150 × 102 × 5 1 10

TR repetition time, TE echo time, FOV field of view

diac cycle, the CSF oscillates between the intracranial 
compartment and spinal canal. In chronic hydrocephalus, the 
movement of CSF among the ventricular, intracranial sub-
arachnoidal, and lumbar compartments may become disor-
ganized. By using PCMRI it is possible and easy to measure 
the volume of CSF flowing through the aqueduct in either 
direction over a cardiac cycle (stroke volume). For some 
authors, a large aqueductal CSF stroke volume is a good 
indicator of a shunt placement, which should lead to the clin-
ical improvement of dilated patients [6, 7]. However, the 
interest of these morphological and velocimetric criteria for 
the diagnosis of CCH have not been studied together. Our 
objective in this study was therefore to define multimodal 
MRI criteria of a shunt in symptomatic patients with ven-
triculomegaly and suspected CCH.

 Methods

 Patients and MRI

All subjects were over 18 and had ventriculomegaly, defined 
by Evans’ index >0.3. We secondarily excluded patients with 
aqueductal stenosis. Clinical evaluation was performed with 
mini mental state examination and a score based on Larsson’s 
work [8], which evaluate gait (normal gait: 0 points to wheel-
chair: 5 points), autonomy (independence: 0 points to hospi-
talized patient: 4 points), and urinary incontinence (1 point if 
present).

Brain MRI was performed at 3T (Achieva, Philips, Best, 
The Netherlands) and included the following sequences for 
each patient: 3D T1w, 3D heavily T2w TSE Brainview, phase 
contrast imaging (in and through planes at the level of the 
aqueduct and C2/C3). Sequence parameters are summarized 
in Table 1.

 Image Analysis

The Evans’ index and the ventricular area were calculated on 
an axial section situated 1 cm above the bi-commissural line 
(Fig. 1). The ventricular area was semi-automated, segmented 

and calculated using Osirix Lite software on the 3D T1w 
sequence. The callosal angle was measured on a coronal sec-
tion perpendicular to the midline of the bi- commissural line.

A well-defined, disproportionately enlarged subarachnoid 
space corresponds to an enlargement of the lateral commis-
sure and rarefaction of the subarachnoid spaces of the vertex. 
The CSF volumes within total, ventricular, and subarachnoid 
spaces were calculated using the available workstation (adw, 
General Electric) in addition to the ratio between ventricular 
and subarachnoid CSF volumes.

Finally, stroke volume of the cerebrospinal fluid (CSF) 
was evaluated through the aqueductal (SVa) and at C2C3 
(SVc). Post-treatment was realized using Flow Software, 
which can be downloaded free at www.tidam.fr [9].

Complete post-treatment took <10 min by MRI and was 
realized after the classification of patients into one of the three 
groups. The data were therefore blinded from the clinicians 
until surgery and clinical follow-up had been performed.

Patients with clinical symptoms of chronic hydrocephalus 
(at least two elements of the Adams and Hakim triad 
[10] ± CSF tap test) were operated on by the same neurosur-
geon (MB). A ventriculo-peritoneal shunt was performed 
with a regulated flow valve. Each patient was controlled 
before leaving the hospital with abdominal X-ray and head 
CT to control the position of the shunt. Clinical evaluation 
was performed at 3 months. Post-operative improvement 
was defined by at least 3 points more on the Mini-Mental 
State Examination or 2 points fewer on Larsson’s modified 
score [8].

 Statistical Analysis

Quantitative variables are expressed as mean (standard devi-
ation) in the case of normal distribution or median (inter-
quartile range: IQR) otherwise. Qualitative variables are 
expressed as numbers (percentage). Normality of distribu-
tions was assessed using histograms and Shapiro–Wilk test. 
Bivariate comparisons in MRI quantitative parameters 
between controls and responders were performed using 
Student’s t test or Mann–Whitney U test for non-Gaussian 
distribution; comparison in a well-defined, disproportionally 
enlarged subarachnoid space was made using a Fisher’s 

M. Baroncini et al.



223

a b c

d e f

Fig. 1 Morphometric analysis. (a) Identification of the anterior (ac) 
and the posterior commissure (pc). Green line: coronal section perpen-
dicular to the midline of the bi-commissural line (red line); blue line: 
axial section situated 1 cm above the bi-commissural line. (b) Callosal 

angle. (c) Evans’ index (α/β) and ventricular surface. (d) 3D recon-
struction of CSF volumes. (e) Sagittal section with planes at the level of 
the aqueduct and C2/C3 for phase contrast imaging. (f) Aqueductal 
stroke volume

exact test. Associations between MRI quantitative parame-
ters were assessed by calculating Pearson’s correlation coef-
ficient. Receiver operating characteristics (ROC) curve 
analysis was carried out to assess the ability of relevant MRI 
quantitative parameters to discriminate between the two 
groups. The area under the ROC curve (AUC or c-statistic) 
values were calculated and the optimal cut-off values were 
determined using the Youden index. Sensitivity (Se) and 
specificity (Sp) for the optimal thresholds were calculated 
with their 95% exact confidence intervals (CIs).

Quantitative parameters of MRI, which differed signifi-
cantly between the two groups (Evans’ index, ventricular area, 
callosal angle, and SVa) were included in a backward- stepwise 
logistic regression analysis; ventricular volume was not 
included in the multivariate analysis owing to the collinearity 
with the ventricular area. The log-linearity assumption was 
checked for each MRI parameter using restricted cubic spline 
functions. We examined the performance of the final model by 
determining its calibration (using the Hosmer–Lemeshow 
test) and discrimination (using the c-statistic). This multivari-
ate analysis was repeated after the exclusion of SVa.

Statistical testing was done at the two-tailed α level of 
0.05. Data were analyzed using SAS software package, 
release 9.3 (SAS Institute, Cary, NC, USA). and GraphPad 
Prism version 6.00 for Mac OsX (GraphPad Software, La 
Jolla, CA, USA; www.graphpad.com).

 Results

Based on clinical evaluation, the patients were classified into 
three groups (Fig. 2): 47 patients had no clinical signs of 
chronic hydrocephalus (control group), whereas 43 patients 
with symptoms were drained using a ventriculo-peritoneal 
shunt; 36 of them were clinically improved (responders), the 
7 other patients were not significantly clinically improved 
after surgery (nonresponders). The distribution of each MRI 
parameter was described according to each study group in 
Fig. 3.

Compared with controls, Evans’ index was slightly higher 
in responders and nonresponders, with a significant difference 
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Fig. 2 Diagram of report flow of participants throughout the study
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Fig. 3 Scatter plot graph of (a) Evans index, (b) ventricular areas, (c) 
ventricular volume, (d) ratio ventricular volume/total volume of CSF, 
(e) callosal angle, (f) aqueductal stroke volume, and (g) cervical stroke 

volume with comparisons between the two groups of interest (controls 
and responders)

between controls and responders (median [IQR]: 0.37 [0.34–
0.39] vs 0.39 [0.37–0.43], p = 0.029). A greater difference 
between controls and surgical groups was found for ventricu-
lar area and volume values (Fig. 3b, c). The mean (±SD) ven-
tricular area was 38 ± 12.2 cm2 in responders and 29.8 ± 8.3 cm2 
in controls (p = 0.001). The corresponding values for ventricu-
lar volume were 215.2 ± 57.8 cm3 vs 149.7 ± 42.8 cm3 

(p = 0.0001). There were no significant differences in the total 
volume of CSF and the ratio of ventricular volume/total vol-
ume of CSF between the two groups of interests (Fig. 3d). The 
ventricular area and the ventricular volume correlated strongly 
in controls (r = 0.89, p < 0.0001) and in responders (r = 0.87, 
p < 0.0001, Fig. 4a). In ROC analysis, the AUC of the ven-
tricular area to differentiate controls and responders was 0.72 
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(95%CI, 0.609–0.831, Fig. 5). The optimal cut-off value 
according to the Youden index was found at >33.5 cm2 (Fig. 5), 
with a specificity of 74.5% (95%CI, 59.6–86.1%) and a sensi-
tivity of 63.9% (95%CI, 46.2–79.2%).

The callosal angle was smaller in surgical groups com-
pared with controls (Fig. 3e). The mean callosal angle was 
109.2° ± 26.2° in controls compared with 86.4° ± 22.2° in 
responders (p < 0.0001) and 68.4° ± 20.2° in nonresponders. 
The AUC of the callosal angle to differentiate controls and 

responders was 0.75 (95%CI, 0.635–0.855), with an optimal 
cut-off value of <90.8° (Fig. 3b, Sp: 77.8% (95%CI, 62.9–
88.8%); Se: 69.4% (95%CI, 51.9–83.6%). The ventricular 
area and the callosal angle showed correlation (r = −0.33, 
p = 0.0018, Fig. 4b).

A well-defined disproportionately enlarged subarach-
noid space was found in only 4 out of 46 patients of the 
control group, but in 13 out of 36 patients of the responders 
(p = 0.007) and 5 out of 7 patients of nonresponders (Fig. 6).
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Concerning the velocimetry analysis, the SVa was lowest 
in the control group (median, 72.5 [IQR, 53–115] μL/cardiac 
cycle [R-R]) compared with responders (median, 214.5 
[IQR, 138–317] μL/R-R, p < 0.0001) and nonresponders 
(median, 205 [IQR, 127–393]). There was no difference 
between the two groups of interest regarding SVc (Fig. 3g). 
We found a correlation between SVa and ventricular area in 
the responder group (r = 0.54, p < 0.001), but not in the con-
trols (r = −0.16, p = 0.29). The AUC of the callosal angle to 
differentiate controls and responders of the SVa was 0.84 
(95%CI, 0.75–0.93) with an optimal cut-off value of 
>136.5 μL/R-R (Sp: 82.6% [95%CI, 68.6–92.2%]; Se: 
76.5% [95%CI, 58.8–89.3%]).

In backward-selection logistic regression analysis includ-
ing Evans’ index, ventricular area, callosal angle, and SVa, 
responders (compared with controls) remained significantly 
associated with SVa and callosal angle. Based on this model, 
we derived a first predictive score for CCH diagnosis using 
the regression coefficients 
(1.8512 + 0.0169 × SVa − 0.0469 × callosal angle). The opti-
mal cut-off values for CCH diagnosis was ≥0.32 (Se = 85.3%; 

Sp = 86.4%). The AUC of this predictive score indicates an 
excellent discrimination (AUC: 0.90, 95%CI, 0.82–0.98) 
with a good calibration (Hosmer–Lemeshow test, p = 0.26). 
A second predictive score was derived from a backward- 
selection logistic regression analysis including the same 
MRI parameters except for the SVa parameters. This second 
score was constructed using the surface area and the callosal 
angle, both selected as significant prognostic factors in the 
second multivariate model (score = 0.4951 + 0.0740 × ven-
tricular area − 0.0327 × callosal angle). The optimal cut-off 
value for CCH diagnosis was ≥0.75 (Se = 88.9%; 
Sp = 57.8%), with a good calibration and a moderate dis-
crimination (AUC: 0.79, 95% CI 0.69–0.89).

 Discussion

One of the major challenges of the chronic hydrocephalus 
syndrome is to establish relevant tools to confirm a clinical 
diagnosis. Several studies are based on invasive tests. MRI 
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Fig. 6 Coronal slice (a) without rarefaction of subarachnoid spaces of the vertex, (b) with mild rarefaction or (c) with a significant rarefaction. (d) 
Histogram representation of patients
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has the advantage of the absence of morbidity and can serve 
as initial assessment before other more invasive explorations. 
We present in this study a radiological score based on the 
aqueductal stroke volume and the callosal angle that allows a 
good discrimination of patients.

Ventriculomegaly is a necessary but insufficient condition 
for the diagnosis of hydrocephalus. The concept of ventricu-
lar area seems original and can precisely quantify this ven-
triculomegaly. It correlated strongly with the ventricular 
volume, but it was much easier and faster to calculate. We 
agree with Holodny et al. who consider that volumetric anal-
ysis is time-consuming, difficult to perform and requires spe-
cial equipment, making it impractical to perform in routine 
clinical practice [11]. The calculation of ventricular area is a 
good compromise and is also a much more accurate piece of 
data than the simple Evans’ index.

The concept of the callosal angle was first described many 
years ago [2]. It is mainly a marker of ventricular size; more-
over, we have found a correlation between the callosal angle 
and ventricular area. Virhammar et al. [5] also found a cor-
relation between the callosal angle and the temporal horns 
(r = −0.27, p < 0.001).

Among other neuroimaging features predictive of shunt 
response, Narita et al. confirm that high convexity tightness 
is relevant [1]. Kojoukhova et al. found that visually evalu-
ated disproportions between suprasylvian and sylvian sub-
arachnoid spaces were also significantly associated with 
hydrocephalus diagnosis [12]. Another feature observed in 
patients with chronic hydrocephalus is that a few sulci over 
the convexity or medial surface of the hemisphere were 
dilated [13]. Disproportion can be considered to be caused 
by a suprasylvian block in relation to a low-grade asymp-
tomatic meningeal disease, possibly fibrosing meningitis of 
undetermined origin [14]. However, this is a rather subjec-
tive criterion, based on a visual scale with no 
reproducibility.

Stroke volume is defined as the average of the volume of 
CSF moving craniocaudally during the cardiac cycle, and 
could be regarded as expressions of the compliance of the 
system [15]. The MRI flow measurement technique is non- 
invasive. A hyperkinetic CSF flow in the cerebral aqueduct 
in CCH has been described by several authors. In the mid- 
1990s, Bradley et al. evaluated 19 patients with symptoms of 
NPH who subsequently underwent shunt placement [6]. All 
13 patients with an SVa of >42 μL on that particular MRI 
system responded to shunt placement, whereas only 3 of the 
6 patients with a SVa < 42 μL responded. Later, Scollato 
et al. pointed out that some of these patients may, in fact, 
have been very early in their disease course, because their 
SVa 6 months later was increased [16]. We found, in our 
study, a significantly higher threshold, as in the study by 
Luetmer et al. [17].

 Conclusion

We present here important MRI guidelines for the selection of 
patients requiring a ventricular shunt in cases of communicating 
chronic hydrocephalus: a ventricular area >33.5 cm2, a callosal 
angle <90.8°, and a SVa > 136.5 μL/R-R are notable parameters 
that must be associated with the clinical evaluation and dynamic 
testing of CSF [18] to confirm the indication for a shunt. There 
remains no consensus as to what the best supplementary prog-
nostic test is for chronic hydrocephalus [19], but it is certain that 
a multidisciplinary assessment is necessary and that a shunt 
decision cannot be decided only on MRI criteria.
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Abstract Objective: The term “hydrocephalus” encompasses 
a range of disorders characterised by clinical symptoms, abnor-
mal brain imaging and derangement of cerebrospinal fluid (CSF) 
dynamics. The ability to elucidate which patients would benefit 
from CSF diversion (a shunt or third ventriculostomy) is often 
unclear. Similar difficulties are encountered in shunted patients 
to predict the scope for improvement by shunt re-adjustment or 
revision.

Materials and methods: We compared retrospective pre- 
shunting infusion test results performed in 310 adult patients 
diagnosed with normal pressure hydrocephalus (NPH) and 
their improvement after shunting.

Results: Resistance to CSF outflow correlated signifi-
cantly with improvement (p < 0.05). Other markers known 
from the literature, such as amplitude in CSF pulse pressure, 
the slope of the amplitude–pressure regression line, or elas-
ticity did not show any correlation with outcome.

Conclusion: Outcome following shunting in adult NPH is 
associated with resistance to CSF outflow; however, the lat-
ter cannot be taken as an absolute predictor of shunt response.

Keywords Hydrocephalus · Infusion test · CSF outflow · 
Resistance

 Introduction

The strict relationship between shunt responsiveness and 
increased resistance to cerebrospinal fluid outflow (Rout) 
was reported in 1981 by Børgesen and Gjerris [1]. Rout 
was measured using a lumbo-ventricular perfusion study, a 
method that potentially ensured a high level of accuracy, 
but is no longer in use because of its invasiveness. Predictive 
powers of 100% was observed for a threshold of 12 mmHg/
(ml/min). Nearly 15 years later, the relationship between 
Rout and the results of shunting was investigated in the so- 
called Dutch Normal Pressure Hydrocephalus (NPH) trial 
[2]. The threshold for successful shunting was found to be 
at a higher level (17 mmHg/(ml/min)). The positive predic-
tive power was 92%, but the negative predictive power was 
only 34%. Rout was measured using Katzman’s lumbar 
infusion study [3]. Finally, quite recently, the “European 
NPH study” [4] reported no correlation between Rout 
(again, assessed using a lumbar test) and outcome follow-
ing shunt surgery.

Is the result of shunting really dependent on cerebrospinal 
pressure volume compensation and CSF circulation? What 
happened between the timing of the three studies listed 
above, that the results changed so dramatically?

Is this a way that Rout is measured? Original lumbo- 
ventricular perfusion was compared with the “computerised 
constant rate lumbar study” and agreement between the two 
methods was found to be very satisfactory [5]. The “comput-
erised infusion test” was a computer-supported single-rate 
Katzman’s lumbar study and it is rather unlikely that such 
computer support was so decisive in the calculation of a rela-
tively simple parameter such as Rout.

Perhaps the initial selection of the patients has changed. 
In 1981 more “pure hydrocephalus” was selected for a rela-
tively invasive technique, whereas later, less invasive lumbar 
infusion study permitted patients with overlapping brain 
problems, such as small vessels disease, parkinsonism, 
Alzheimer’s, etc., to be accepted.
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We started our comprehensive program of CSF dynamics 
study in patients diagnosed with NPH in 1992. Recently, we 
reviewed our ongoing database to study patients with an ini-
tial diagnosis of NPH to compare the parameters describing 
CSF circulation and pressure–volume compensation and 
clinical improvement after shunting.

 Materials and Methods

A total of 310 adult patients (aged 40–86) were eligible for 
retrospective analysis. All patients had probable NPH fol-
lowing clinical assessment and brain imaging. Patients 
underwent infusion tests and were available for follow-up 
via the multidisciplinary CSF clinic. Outcomes were assessed 
using the in-house pragmatic categorisation of patient 
cohorts into three groupings – sustained improvement, short- 
term improvement and no improvement.

The infusion test requires fluid infusion to be made into 
any accessible CSF compartment and monitoring of CSF 
pressure at the same time. Lumbar infusion, even if it has 
understandable limitations, is less invasive and therefore, 
more frequently performed. The second most frequent 
approach is an intraventricular infusion into a subcutane-
ously positioned reservoir, connected to an intraventricular 
catheter or shunt antechamber. In such cases, two hypoder-

mic needles (gauge 25) are used: one for the pressure mea-
surement and the second for the infusion.

During the infusion, the computer calculates and presents 
the mean pressure and pulse amplitude (with time along the 
X axis, Fig. 1). The resistance to CSF outflow can be calcu-
lated using simple arithmetic as the difference between the 
value of the plateau pressure during infusion and the resting 
pressure divided by the infusion rate. However, in many 
cases strong vasogenic waves or excessive elevation of the 
pressure above the safe limit of 40 mmHg do not allow the 
precise measurement of the final pressure plateau. 
Computerised analysis produces results, even in difficult 
cases when the infusion is terminated prematurely (i.e., with-
out reaching the end-plateau). The algorithm utilizes a time 
series analysis for volume–pressure curve retrieval, the least- 
mean- squares model fitting and an examination of the rela-
tionship between the pulse amplitude and the mean CSF 
pressure. Apart from resting CSF pressure and the resistance 
to CSF outflow, the elastance coefficient or pressure–volume 
index, cerebrospinal compliance, CSF formation rate and the 
pulse wave amplitude of CSF pressure are calculated. All 
data recordings and calculations are performed using soft-
ware ICM+ (https://icmplus.neurosurg.cam.ac.uk/).

Pulse amplitude increases proportionally to mean CSF pres-
sure during the infusion study. The slope of the amplitude–
pressure line (AMP/p) has been implicated as having a strong 
association with outcome following shunting [6]. Similarly, 
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pulse amplitude has been reported to be a strong predictor of 
outcome after surgery [7]. Consultants deciding on shunting 
were not blinded to the results of the infusion study.

 Results

Baseline ICP was lower than 18 mmHg, median 9 mmHg. 
Median amplitude was 3 mmHg, median Rout 16 mmHg/
(ml/min) and elasticity 0.3 (1/ml).

Seventy-nine percent of patients showed improvement 
after shunt insertion (60% sustainable, 19% temporary). 
Improvement rate increased from 1992 (60%) to 2013 
(86%); p = 0.0003. Of all calculated CSF compensatory 
parameters, only Rout was associated with outcome 
(p = 0.014). Patients with Rout >13 mmHg/(ml/min) had an 
improvement rate of 79%, compared with 63% (p = 0.011) 
with Rout <13. Notably, none of the patients with low Rout 
(lower than 6 mmHg/(ml/min); n = 7) improved after shunt-
ing. Neither age nor sex correlated with outcome.

We investigated the best threshold value of Rout to dif-
ferentiate between good and poor outcome.

On the X axis is a threshold value of Rout and on the y 
axis an F value of statistics for improvement.

This distribution presents two maxima (Fig. 2):
 – at 13 mmHg/(ml/min)—close to the value as proposed by 

Børgesen and Gjerris [1]
 – at 18 mmHg/(ml/min)—which was suggested in a Dutch 

study [3].

 Discussion

Rout is related to outcome, but cannot be taken as a single 
discriminatory parameter in the making decision to shunt. 
If Rout was very low, lower than 6, we did not observe any 
improvement. However, between 6 and 13, the improve-
ment rate was considerably higher. Other compensatory 
parameters are poorly related to outcome in our material. 
We need to search for better predictors for improvement 
after shunting in NPH. Rout was the only CSF compensa-
tory parameter correlating with outcome following shunt-
ing. The relationship was weak but significant. Infusion 
studies appeared to be helpful in the assessment of the 
compensatory parameters both for diagnosing and yield-
ing baseline values as a benchmark for further investiga-
tions in cases of suspected shunt malfunctions and 
complications.

 Conclusion

• Rout is related to outcome, but cannot be taken as a yes/
no parameter in decision-making about shunting.

• If Rout was very low, lower than 6, we did not observe 
any improvement.

• Other compensatory parameters are poorly related to out-
come in our material.

• We need to continue searching for better predictors for 
improvement after shunting in NPH.
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Abstract Objective: The phase-contrast MRI technique per-
mits the non-invasive assessment of CSF movements in cere-
brospinal fluid cavities of the central nervous system. Of 
particular interest is pulsatile cerebrospinal fluid (CSF) flow 
through the aqueduct cerebri. It is allegedly increased in hydro-
cephalus, having potential diagnostic value, although not all 
scientific reports contain unequivocally positive conclusions.

Methods: For the mathematical simulation of CSF flow, 
we used a computational model of cerebrospinal blood/fluid 
circulation designed by a former student as his PhD project. 
With this model, cerebral blood flow and CSF may be simu-
lated in various vessels using a system of non-linear differen-
tial equations as time-varying signals.

Results: The amplitude of CSF flow seems to be positively 
related to the amplitude of pulse waveforms of intracranial 
pressure (ICP) in situations where mean ICP increases, such 
as during simulated infusion tests and following step increases 
of resistance to CSF outflow. An additional positive associa-
tion between the pulse amplitude of ICP and CSF flow can be 
seen during simulated increases in the amplitude of arterial 
pulses (without changes in mean arterial pressure, MAP).  

The opposite effect can be observed during step increases in 
the resistance of the aqueduct cerebri and with decreasing 
elasticity of the system, where the CSF flow amplitude and 
the ICP pulse amplitude are related inversely. Vasodilatation 
caused by both gradual decreases in MAP and by increases in 
PaCO2 provokes an elevation in the observed amplitude of 
pulsatile CSF flow.

Conclusions: Preliminary results indicate that the pulsa-
tions of CSF flow may carry information about both CSF- 
circulatory and cerebral vasogenic components. In most 
cases, the pulsations of CSF flow are positively related to the 
pulse amplitudes of both arterial pressure and ICP and to a 
degree of cerebrovascular dilatation.

Keywords Hydrocephalus · Mathematical modelling · 
Cerebrospinal fluid · Intracranial pressure · Pulsatile flow

 Introduction

In the last decade, pulsatile cerebrospinal fluid (CSF) flow 
has been studied non-invasively using the phase-contrast 
magnetic resonance imaging (MRI) technique [1, 2] and 
more recently with the time-spatial labeling inversion pulse 
methodology [3]. Pulsatile cerebrospinal fluid flow through 
the aqueduct cerebri has for quite a long time been advocated 
as a potential index of active hydrocephalus. Increased 
amplitude of flow, or increased stroke volume, was suggested 
to associate positively with a probability of improvement 
after shunting. However, there are some conflicting reports 
in the literature [3, 4]. The positive predictive power for 
improvement after shunting with a high amplitude of CSF 
void flow is rather agreed upon; however, low negative pre-
dictability is also emphasized [5]. The same can likely be 
said about both increased and low resistance to CSF outflow 
in lumbar infusion tests [6]—they carry good positive pre-
dictive power of increased resistance and poor negative pre-
dictive power for normal resistance to CSF outflow.
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On the other hand, an increased amplitude of intracranial 
pressure (ICP) pulsation has been also advocated as a good 
indicator of improvement after shunt surgery [7]. One can 
possibly state that the increased pulsatility of ICP should be 
associated with an increased pulsatility of aqueductal CSF 
void flow. However, it is rather a pressure gradient between 
ventricles and cranial subarachnoid space which should drive 
aqueductal pulsatile CSF flow. Unfortunately, there is no evi-
dence for the existence of such a gradient—neither in mean 
pressure nor in pressure pulsations [8].

Only the simultaneous assessment of both flow and pres-
sure has the potential to mitigate speculation. Yet the high- 
intensity magnetic field of MRI creates difficulties in 
evaluating CSF pulse pressure and CSF flow at the same 
time. The indirect measurement of pressure pulsations 
derived from the Navier-Stokes equation [9] can produce 
results which are of doubtful value due to the repetitive use 
of the same input data (i.e. MRI-assessed flow) transformed 
mathematically.

Knowing that cerebrovascular conditions are strictly reg-
ulated by a rapid time response (9–12 s), we now need to 
determine how these conditions impact CSF void flow. Is a 
single time-point observation by the MRI magnet of CSF 
pulsatile flow sufficient for making an inference about 
responsiveness to shunting?

The mathematical modelling of cerebral blood flow 
(CBF) and CSF dynamics [10, 11] may be of assistance in 
shedding light on two fundamental questions: (1) Is there a 
direct link between the pulse amplitude of ICP and CSF void 
flow? (2) What is the relationship between cerebral haemo-
dynamic parameters and CSF void flow?

 Method

The mathematical model of cerebral blood and cerebrospinal 
fluid dynamics, described previously in detail [11], was used 
for this assessment. The blood pressure waveform is gener-
ated at the input and controls blood supply to the brain 
through two symmetrical neck arteries (ICA) with fragmen-
tary blood mixing through the left-right communicating 
artery (ACoA). Main blood flow through major conductive 
vessels (MCAs) is directed to left and right resistive arterial 
pools (CVR), where autoregulation and PaCO2 regulation of 
CBF take place. Blood then flows through major veins to 
bridging veins, where an interaction between ICP and venous 
blood pressure takes place (venous blood follows ICP 
changes). Blood flows next through the dural sinuses and 
returns to the heart. CSF is formed at a constant rate from 
arterial blood, flowing through the resistance of both the 
aqueduct cerebri and the subarachnoid space to be passively 
absorbed by the sagittal sinuses. The compliance of CSF 

space (Ci) is associated mainly with the lumbar subarach-
noid space.

Dedicated software allowing for controlled changes in vari-
ous parameters in time was designed [11] on a personal com-
puter; simulations were performed by the numerical integration 
of sets of differential equations describing the circuit.

Flow through the resistor symbolizing the aqueduct cere-
bri can be studied in the model. Its DC component is equal to 
the rate of CSF formation (approximately 0.3 mL/min), and 
its pulsations can be modulated according to the following 
studied conditions:

 – Physiological manoeuvres: rise in ICP (infusion studies), 
arterial hypotension, and hypercapnia;

 – Changes in parameters describing cerebrospinal dynam-
ics: resistance to CSF outflow, resistance of aqueduct 
cerebri, and cerebrospinal elasticity;

 – Change in overall ‘brain pulsatility’.

This model is fully deterministic; therefore, results were 
presented as observations without any statistical evaluation.

 Results

 Response to Change in Cerebral 
Haemodynamics and ICP

The reduction of arterial blood pressure (ABP) from 
120/80 mmHg in steps to 60/20 mmHg produced vasodilata-
tion. Cerebrovascular resistance (CVR) decreased from 0.09 to 
0.05 mmHg/(mL/min). The amplitude of CSF flow increased 
from 170 to 340 mm3/s, and the amplitude of ICP pulsations 
also increased from 5 to 7 mmHg (Fig. 1—left panel).

Changing PaCO2 from 35 to 60 mmHg while keeping 
blood pressure constant produced gradual vasodilatation 
(Fig. 1—right panel). Intracranial pressure increased slightly 
(from 10 to 17 mmHg), and its amplitude increased as well 
(from 7 to 15 mmHg). The amplitude of CSF flow increased 
(from 220 to 400 mm3/s) proportionally with both changes in 
PaCO2 and decreased CVR.

Moderate intracranial hypertension has been modelled by 
intraventricular infusion tests (rate of 2 mL/min) in systems 
with normal resistance to CSF outflow (6 mmHg/(mL/min)). 
Mean ICP increased from 12 to 24 mmHg, and cerebral per-
fusion pressure decreased from 78 to 66 mmHg. The lower 
limit of autoregulation was set at 50 mmHg with a static rate 
of autoregulation at 60%. Unilateral blood flow decreased 
from 300 to 280 mL/min. The pulse amplitude of CSF flow 
increased from 152 to 178 mm3/s. This increase was linearly 
correlated with both an increase in ICP pulse amplitude from 
7 to 18 mmHg and a decrease in CVR.

Z. Czosnyka et al.
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 Responses to Changes in CSF Dynamics

A gradual increase in the resistance to CSF outflow from 
6 to 150 mmHg/(mL/min) mimics the development of 
acute hydrocephalus, for example, after subarachnoid 
haemorrhage. ICP increased to 50 mmHg. Both the pulse 
amplitude of ICP and the pulse amplitude of CSF flow 
changed proportionally with a rise in mean ICP (Fig. 2—
left panel).

A gradual increase in the resistance of the aqueduct cerebri 
produced a minimal increase in ICP, but with a marked 
increase of its pulse amplitude from 7 to 22 mmHg. The pulse 
amplitude of CSF void flow decreased from 150 to 30 mm3/s.

Decreasing the elasticity of brain produced a gradual 
increase in cerebrospinal compliance. Change in the pulsatil-
ity of ICP was minimal: it decreased from 5 to 4 mmHg. The 
CSF flow pulse amplitude increased slightly from 150 to 
175 mm3/s.
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Fig. 1 Left: Simulation of a gradual decrease in arterial pressure 
(ABP). Right: Demonstration of gradual increase in PaCO2. Both 
manoeuvres caused a decrease in cerebrovascular resistance (CVR) and 

a gradual increase in the amplitude of cerebrospinal fluid (CSF) flow, 
seen here as an increase in distance between systolic and diastolic flow
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amplitude of ABP without eliciting changes in mean ABP produced 
synchronized changes in pulsatile CSF flow
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 Response to Changes in Arterial Pressure 
Pulsatility

The pulse amplitude of ABP is certainly a major source of 
overall brain pulsatility for both blood and CSF flows. In the 
model, without changing mean ABP, a gradual increase in 
blood pressure pulsatility was simulated (Fig 2—right 
panel). All remaining signals (blood flow, CSF flow, and 
ICP) increased their pulsatile components proportionally 
with changes in the pulse amplitude of ABP. Mean values of 
CSF flow and CBF remained unchanged, and mean ICP 
increased slightly from 8 to 12 mmHg.

 Discussion

This is a modelling study, and at present the experimental 
verification of findings is impossible. Even if the described 
changes in the pulsation of aqueductal CSF flow remain 
hypothetical, they have a common denominator.

First, changes in CSF pulsatile flow are in most situations 
proportional to changes in the pulse amplitude of ICP. It 
appears logical that any increase in the pulse amplitude of 
ventricular pressure should reflect a direct increase in the 
drive for increasing CSF void flow. The exception is an 
increase in the resistance of the aqueduct cerebri coupled 
with a decrease in the elasticity of CSF space. First case 
demonstrates that as CSF pulsatile flow decreases, ICP pulse 
amplitude increases. In a second case, we see exactly the 
inverse scenario, even though the changes in amplitudes are 
modest.

 Conclusion

Results of mathematical simulation suggest that CSF pulsa-
tile flow is both a function of cerebral haemodynamics and 
pressure-volume compensation.
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Abstract Objectives: Cerebrospinal fluid (CSF) and blood 
flows have a strong relationship during a cardiac cycle. 
Idiopathic intracranial hypertension (IIH) is a pathology that 
seems to present hemodynamic and hydrodynamic distur-
bance. The aim of this study was to establish CSF and blood 
interaction in IIH.

Material and methods: We retrospectively studied cere-
bral hydrodynamic and hemodynamic flows by phase-con-
trast MRI (PCMRI) in 13 IIH subjects (according Dandy’s 
criteria) and 16 controls. We analyzed arterial peak flow, pul-
satility index, and resistive index in arterial and venous com-
partments (PFart, PIart, RIart, PFvein, PIvein, RIvein) and 
measured arteriovenous and CSF peak flow and stroke vol-
ume (PFav, SVVASC, PFCSF, SVCSF).

Results: We found no significant difference between IIH 
and control groups in arterial and venous parameters. 
Arteriovenous flow analysis showed higher PFav and SVVASC 
in the IIH group than in the control group (respectively 
369 ± 27 mL/min and 286 ± 47 mL/min, p = 0.02; and 

1085 ± 265 μL/cardiac cycle and 801 ± 226 μL/cardiac cycle, 
p = 0.007). PFCSF and SVCSF were higher in the IIH group 
than in the control group (respectively 206 ± 50 mL/min and 
126.6 ± 24.8 mL/min, p = 0.04; and 570 ± 190 μL/cardiac 
cycle and 430 ± 100 μL/cardiac cycle, p = 0.0007).

Conclusion: Although no significant change was found in 
arterial and venous flows, we showed that a small phase shift 
of venous outflow might cause an increase in the arteriove-
nous pulsatility and an increasing brain expansion during the 
cardiac cycle. This arteriovenous flow increase would result 
in an increase of CSF flushing through the foramen magnum 
and an increased ICP.

Keywords Intracranial hypertension · Phase-contrast MRI  
Cerebral hydrodynamic · Cerebral hemodynamic

 Introduction

Idiopathic intracranial hypertension (IIH) is a well-studied 
but still poorly understood pathology. Clinical presentation 
typically involves a young obese woman with headaches and 
bilateral papilledema [1]. Papilledema could generate visual 
disturbance, which could move toward a progressive blind-
ness [2]. No anatomic explanation can be found in cerebral 
imaging, and ventricle size must be normal or slit [1]. During 
intracranial pressure (ICP) monitoring, mean cerebrospinal 
fluid (CSF) pressures are elevated. CSF component analysis 
is normal. IIH diagnosis is one of exclusion.

The physiopathology of IIH is unknown. The relationship 
between IIH and venous drainage is described in the litera-
ture [3, 4, 5]. In up to 26% of all chronic intracranial hyper-
tension cases, dural sinus stenosis can be identified [6]. 
Nevertheless, cerebral venous thrombosis seems to be over-
looked when intracranial hypertension is isolated [7].

Dural venous stenosis was found in 90% of IIH patients 
and in 6.8% of the control group [8]. Transverse sinus is the 
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main site of stenosis [8], but all dural sinuses could be 
affected [9]. A recent mathematical model [10] proposes a 
collapsible sinus hypothesis.

Phase contrast magnetic resonance imaging MRI 
(PCMRI) is a unique tool that can be used to analyze arterial 
and venous flows and CSF flows. Many studies have ana-
lyzed arterial and venous cerebral blood flow by PCMRI in 
many pathologies (hydrocephalus, intracranial hypertension, 
obesity). In IIH, most of these studies focused on venous pul-
satility and arteriovenous interactions [3, 4, 10]. No study 
considered blood and CSF interactions. The aim of this study 
was to establish CSF and blood interactions in intracranial 
hypertension patients.

 Material and Methods

We retrospectively studied 13 patients with IIH and 16 
healthy controls at University Hospital of Amiens.

 IIH Group

The IIH group was composed of 13 patients (31 ± 11 years 
old). Inclusion criteria were headaches or visual impairment 
with bilateral papilledema and normal MR scan morphologi-
cally (no ventricular dilation, no venous thrombosis, no other 
pathologies); CSF composition was normal.

 Control Group

This group was composed of 16 volunteers (37 ± 7 years 
old). They had no neurological or functional pathologies; 
morphological MR scans were normal.

 MRI Acquisition

All patients underwent an MRI scan for a conventional clini-
cal diagnosis assessment. The MRI was performed more 
than three months after the lumbar puncture. In addition to 
conventional clinical sequences, we add two PCMRI 
sequences (additional acquisition time: 3 min).

Cerebral MRIs were performed on a 3T scanner (GE 
Healthcare, Milwaukee, WI, USA) with the following 
parameters: repetition time (TR) and echo time (TE) = min-
imum depending on heart rate; field of view = 2 cm; 
matrix = 256 mm2 or 128 × 256 mm2; slice thick-

ness = 5 mm; flip angle = 30°; 2 excitations; 2 views per 
segment. Peripheral cardiac synchronization was achieved 
with retrospective gating (either foot or finger) to recon-
struct 32 phases and reproduce a mean of all cardiac 
cycles. For CSF flow, we selected velocity encoding 
(VENC) of 5 cm/s at the cervical level (increased to 10 cm/s 
if aliasing occurred). For cervical blood flows, we selected 
VENC = 80 cm/s. CSF and blood flow acquisition slices 
were positioned perpendicular to the presumed direction of 
the flows (Fig. 1).

 Data Analysis
Data were analyzed using in-house software (www.tidam.fr).

Stroke volumes were defined as the average of cranio- 
caudal and caudo-cranial volumes displaced through the 
region of interest during the cardiac cycle. They were mea-
sured for CSF in the cervical level.

Cerebral arterial blood flow (CBFa) was defined as the 
sum of the internal carotids and vertebral artery flows. It was 
measured at the level of the intervertebral disc C2–C3.

Cerebral venous blood flow (CBFv) was also measured at 
the same level and was defined as the sum of jugular vein 
flow at the cervical level. Since blood volume that fills the 
brain during a cardiac cycle by the arteries completely flush 
out by the veins, CBFv measures were adjusted to provide 

correctedCBFv; thus, (correctedCBFv) = mean (CBFa) [11].
Arteriovenous flow (Figs. 2 and 3) was calculated by the 

sum of arterial inflow CBFa and corrected venous outflow 

correctedCBFv. Consequently, we were able to generate the vas-
cular flow curve during a cardiac cycle. Arteriovenous stroke 
volumes were calculated by the time integral of both positive 
and negative parts of the arteriovenous flow to provide the 
intracranial blood volume change during the cardiac cycle. 
The flow curves were presented as a percentage of the car-
diac cycle.

We calculated some derived parameters (peak flow, pul-
satility index, and resistive index) for venous and arterial 
blood flow. Peak flow (PF) was defined by the highest value 
of flow measured in a compartment during a cardiac cycle. 

Vascular C2C3 : 80 cm/s

CSF : 5 to 10 cm/s

Fig. 1 Slice placement. Vascular and blood acquisition was placed at 
the cervical level with a parallel plane to C2–C3 intervertebral disc
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The pulsatility index (PI) was calculated by the quotient 
between the amplitude of the flow curve and the average 
value during one cardiac cycle in one compartment. The 
resistive index (RI) was calculated as the quotient between 
the amplitude of the velocity curve and the average value 
during one cardiac cycle.

In summary, we measured the stroke volume of CSF in 
cervical subarachnoid spaces (SVCSF) and of the arteriove-
nous compartment (SVVASC). We measured peak flows in 
an arterial compartment (PFart), in a venous compartment 
(PFvein), in an arteriovenous compartment (PFav), and in 
a cervical CSF compartment (PFCSF). We calculated pulsa-
tility index in venous and arterial compartments (PIart 
and PIvein) and RI in the same compartment (RIart and 
RIvein).

A Wilcoxon test (p = 0.05) was performed to compare all 
mean flows between these groups.

 Results

The results of arteriovenous and cervical CSF flow measure-
ments are shown in Table 1.

PFart was not significantly different between the IIH 
group and the control group (respectively 1166 ± 174 mL/
min and 1258 ± 174 mL/min; p = 0.09). Similarly, PIart was 
not different between the IIH group and the control group 
(respectively 1.24 ± 0.36 and 0.98 ± 0.24; p = 0.6). RIart was 
higher in the IIH group than in the control group (0.57 ± 0.10 
and 0.49 ± 0.10; p = 0.03).

PFvein was not different between the IIH and control 
groups (respectively 617 ± 201 mL/min and 554 ± 227 mL/
min; p = 0.25). PIvein was not different between the IIH and 
control groups (respectively 0.50 ± 0.20 and 0.54 ± 0.12; 
p = 0.5). RIvein was not different between the IIH group and 
the control group (0.38 ± 0.14 and 0.38 ± 0.17; p = 0.91).

1500 Flow (ml/min)

Diastole Systole

Time (% de
cardiac cycle)

50 100

Flush

Filling

–1200

0

Fig. 2 Blood flow curves during two cardiac cycles. Arterial flow 
curve (black solid curve) analysis showed a sudden and high blood 
inflow during the systole. This inflow was compensated by a venous 
outflow (solid gray line). This outflow was not instantaneous. This was 

the arteriovenous delay. Consequently, arteriovenous curve (broken 
gray line) was not constant, and we observed an inflow during the sys-
tole (positives values), and blood was flushing (negative values) during 
the diastole. Intracranial vascular volume was not constant

300 Flow (ml/min)

Diastole Systole

0 50
100

Time (% de
cardiac cycle

–180

Fig. 3 Arteriovenous and CSF flow interactions. Arteriovenous flow 
(broken gray curve) and cervical CSF flow (solid black line) are inter-
acting. During the systole, vascular volume increases. We observed a 

CSF flush to the spinal subarachnoid spaces that compensated for this 
increase in vascular volume. During the diastole, vascular volume 
increases and CSF is filled in the cranium
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Arteriovenous flow analysis showed higher PFav and 
SVVASC values in the IIH group than in the control group 
(respectively 369 ± 27 mL/min and 286 ± 47 mL/min; 
p = 0.02; 1085 ± 265 μL/cardiac cycle and 801 ± 226 μL/car-
diac cycle; p = 0.007). PFCSF and SVCSF were higher in the IIH 
group than in the control group (respectively 206 ± 50 mL/
min and 126.6 ± 24.8 mL/min; p = 0.04; 570 ± 190 μL/car-
diac cycle and 430 ± 100 μL/cardiac cycle; p = 0.0007).

 Discussion

In IIH, we observed significant alterations of arteriovenous 
and CSF flows. Our data confirmed that CSF flows and arte-
riovenous flows are closely related. CSF flow is the conse-
quence of vascular volume changes in a cardiac cycle. 
Arterial and venous flow analysis is a necessary prerequisite 
to CSF and global intracranial fluid flow analysis.

 Arterial and Venous Flows

In IIH, arterial flow is not frequently studied in isolation. We 
found no difference between the control and IIH groups in 
PFart and PIart. A difference in RIart was found. Nevertheless, 
this result tempermay be due to the low number of patients in 
our groups and the low level of significance (p = 0.03). The 
alteration of pulsatility and resistance in extracranial arteries 
was never identified in the literature. An increase in these 
parameters was measured in intracranial arteries by transcra-
nial doppler [12].

In venous analysis, we found no study of cervical venous 
flow in the literature. Bateman studied venous blood flow in 

the superior sagittal sinus and the straight sinus. In this study, 
a reduction of pulsatility in the superior sagittal sinus was 
found. In our study, we found no change in PFvein, PIvein, 
or RIvein. The dural venous sinus has a strong wall, and pul-
satility is mainly due to the pressure inside. Greitz [13] sug-
gested that the compliance of sinuses wall was due to 
arachnoid granulation. Pulsatility depends on the pressure 
gradient at the walls of the sinuses. In IIH, pressur in the 
superior sagittal sinus is slightly lower than CSF pressure but 
both of them increase [5]. In IIH the pressure gradient at the 
sinus walls decreases and causes a decrease in the pulsatility. 
The extracranial venous wall is mainly compliant because of 
its histological composition. Pulsatility is probably damp-
ened by the inherent compliance of the venous wall.

No difference was clearly identified in separate analyses 
of arterial and venous flows. Nevertheless, we found signifi-
cant differences in arteriovenous parameters (SVVASC, 
PFVASC). During a cardiac cycle, arterial inflow is almost 
immediately compensated by CSF outflow. Venous outflow 
is shifted in time on average 90–100 ms later than arterial 
systolic peak flow [14]. This is called arteriovenous delay. 
The intracranial vascular volume changes during a cardiac 
cycle [11]. SVVASC reflects this intracranial vascular volume 
variation. By a very simple mathematical model, we 
increased the arteriovenous delay. As a result of this manipu-
lation, we observed a substantial increase in SVVASC and 
PFVASC. This shows an increase in intracranial vascular vol-
ume variation during a cardiac cycle.

 CSF Flows

The Monroe-Kellie doctrine states that intracranial volume is 
stable during a cardiac cycle [8]. A volume change in an 
intracranial compartment causes an opposite change in 
another. During the systolic phase, we observed a blood 
inflow by arterial circulation. This increased flow is not 
immediately compensated by a venous outflow [11, 13]. This 
results in an increase of the volume of the vascular compart-
ment. Consequently, CSF passively flushes through the fora-
men magnum from intracranial subarachnoid spaces to the 
spinal subarachnoid spaces. This phenomenon is secondary 
to vascular volume variations and partially preserves the 
intracranial volume.

In our study, we observed an increase in PFCSF and SVCSF 
in the IIH group. CSF flows are passive and secondary to 
vascular volume changes. An increase in the CSF pulsatility 
during a cardiac cycle is therefore a consequence of an 
increase in intracranial volume variations.

Table 1 Comparison of flow parameters between IIH and control 
groups (results in bold front are significant)

Control group IIH group p

PFart (mm3/s) 1166 ± 174 1258 ± 174 0.09

Plart 0.98 ± 0.24 1.24 ± 0.36 0.60

Rlart 0.49 ± 0.10 0.57 ± 0.10 0.03

PFvein (mm3/s) 554 ± 227 617 ± 201 0.25

Plvein 0.54 ± 0.12 0.50 ± 0.20 0.50

Plvein 0.38 ± 0.17 0.38 ± 0.14 0.91

PFav (mm3/s) 286 ± 47 369 ± 27 0.02

SVVASC (μl/cc) 801 ± 226 1085 ± 265 0.007

PFCSF (mL/min) 126.6 ± 24.8 206.0 ± 50.0 0.004

SVCSF (μl/cc) 430 ± 100 570 ± 190 0.0007
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 Conclusion

On a small population of IIH patients, arterial and venous flow 
analysis showed no significantly abnormal oscillations while 
the CSF flows in cervical subarachnoid spaces were increased. 
Although no significant changes in arterial and venous flows 
were found, we showed that a small phase shift of venous out-
flow might cause an increase in both the arteriovenous pulsa-
tility and brain expansion during the cardiac cycle. This 
arteriovenous flow increase would result in an increase in CSF 
flushing through the foramen magnum and an increased ICP.
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Abstract Objective: We aimed to test whether there is an 
association of slow vasogenic wave (SVW) occurrence with 
positive response to external lumbar drainage (ELD) and 
ventriculoperitoneal shunting and to design a method for the 
recognition and quantification of SVWs in the intracranial 
pressure (ICP) signal.

Materials and methods: We constructed SVW templates 
using normalized sine waves. We calculated the cross-corre-
lation between the respective SVW template and the ICP sig-
nal. This was followed by shifting the templates forward and 
performing the cross-correlation analysis again until the end 
of the recording. Cross-correlation values above a threshold 
were considered to be indicative of SVWs. This threshold 
was previously determined and validated on a sample of ICP 
records of six patients. We calculated the root mean square of 
the recognized SVW periods as a measure of signal strength. 
Time- averaged signal strength was calculated over the full 
recording time (ICPSmean) and over the wave periods (ICPS).

Results: We determined ICPS and ICPSmean in recordings 
of 2 groups of patients presenting with Hakim’s triad: 26 
normal pressure hydrocephalus (NPH) patients and 20 non-
NPH patients. We then tested whether there was an associa-
tion between ICPS or ICPSmean and the respective diagnosis 

using a Mann–Whitney test. We found significant associa-
tion between ICPS (p = 0.014) and ICPSmean (p = 0.022) and 
the diagnoses.

Conclusions: The described method based on pattern rec-
ognition in the time domain is suitable for the detection and 
quantification of SVWs in ICP signals. We found a signifi-
cant association between the occurrence of SVWs and inde-
pendent NPH diagnosis.

Keywords Intracranial pressure · B-waves · Slow waves · 
Vasogenic waves · Waveform analysis

 Introduction

The B-wave is a feature of the intracranial pressure (ICP) 
waveform, reflecting vasogenic activity of cerebral autoregu-
lation. B-waves were originally defined to occupy a fre-
quency range of 0.5–2 cycles per minute [1]. Recently 
renamed and redefined as slow vasogenic waves (SVWs) 
with an extended range of 0.33–3 cycles per minute [2], spe-
cific changes in their pattern of occurrence are considered to 
be indicative of reduced intracranial compliance.

Beyond visual inspection, computerized methods for the 
detection and quantification of B-waves have been described 
[3–5]. However, there is no general agreement on the quanti-
tative description of B-waves [6]. Nor is there agreement on 
a possible correlation between shunt responsiveness and 
B-wave occurrence: while Pickard et al. [7], Symon et al. [8], 
Lenfeldt et al. [9], and Poca [10] describe such a correlation, 
Woodworth [11], Stephenson et al. [12], and Williams [13] 
report that there is no or only poor correlation. The  idiopathic 
normal pressure hydrocephalus (INPH) guidelines provide a 
review of those and of other publications on the topic [14].

Our aim was to test whether there is an association of 
SVW occurrence with the diagnosis of normal pressure 
hydrocephalus (NPH) as indicated by positive response to 
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external lumbar drainage (ELD) and ventriculoperitoneal 
(VP) shunting. To this end, we designed a method for the 
recognition and quantification of SVWs in the ICP signal of 
patients with suspected NPH.

 Materials and Methods

We used cross-correlation to compare the ICP signal with 
templates of SVWs. The cross-correlation is a measure of 
the similarity between two signals. We constructed SVW 
signal templates (TMP) covering the full frequency range of 
SVWs. Each template consisted of two full sine wave peri-
ods, as illustrated in Fig. 1. Starting at the beginning of an 
ICP record, we calculated one by one for all SVW templates 
the cross-correlation between the respective SVW template 
and the normalized ICP signal (ICPn). This was followed by 
shifting the templates forward in time and calculating the 
cross-correlation again until the end of the recording was 
reached. Fig. 1 illustrates the calculation of the cross- 
correlation between the normalized ICP (ICPn, mmHg) and 
a template TMP (no dimension) according to Eq. (1), n 
being the number of samples in the template TMP:
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(1)

Cross-correlation values above a certain threshold were 
considered to be indicative of SVWs. This threshold was 
adjusted in a stepwise manner such that the recognition 
rate and the rate of false positives were optimized when 

comparing the decision of the algorithm to the decision by 
visual inspection. The criterion used for the decision by 
visual inspection was a peak-to-peak amplitude >1 mmHg. 
The threshold was validated on a sample of ICP records of 
six patients by comparing the SVW periods recognized by 
the new algorithm to the SVW periods recognized by 
visual inspection. The person performing the visual inspec-
tion was blinded to the diagnoses of said six patients.

We calculated the root mean square (RMS) of the recog-
nized SVW periods as a measure of signal strength. Time- 
averaged signal strength was calculated over the full 
recording time (denoted by ICPSmean) and over the wave peri-
ods (denoted by ICPS).

We determined ICPS and ICPSmean in recordings of two 
groups of patients presenting with Hakim’s triad: 26 NPH 
patients (with positive response to ELD and sustained neu-
rological improvement 12 months after VP shunting) and 
20 non-NPH (NNPH) patients (without positive response to 
ELD or irresponsive to VP shunt therapy). Written informed 
consent was obtained from the patients before participation 
in the study. The recordings of the six patients used for the 
validation were not included in the samples. Table 1 indi-
cates the sex, age, and preoperative Kiefer score [15] of the 
patient groups. We then tested whether there was an asso-
ciation between ICPS or ICPSmean and the corresponding 
diagnosis. A Mann–Whitney test was used for this purpose 
because the samples were not normally distributed.

 Results

The SVW recognition rate determined in the aforementioned 
six patients was 97%. The rate of false positive recognitions 
was 1.4%.

Using the Mann–Whitney test we found significant asso-
ciation between ICPS and the diagnoses (p = 0.014) and 
between ICPSmean and the diagnoses (p = 0.022). Table 2 indi-
cates the values of ICPS and ICPSmean as well as the time 
 fraction with slow waves (TFS) for the individual patients, 
the mean values, and standard deviations with the corre-
sponding p-values.

2

1

–1

–2

–3

–4
60 80 100 120

time (s)
140 160 180

ICPn (mmHg)

TMP

t t+i⋅∆t

ICPn(t+i⋅∆t)

TMP(i⋅∆t)

0

Fig. 1 Calculation of cross-correlation between normalized ICP (ICPn, 
mmHg) and a template TMP (no dimension) at time t, with Δt being the 
sampling interval and n the number of samples per template

Table 1 Number, sex, age, and preoperative Kiefer score ± standard 
deviation (SD) of NPH (normal pressure hydrocephalus) and NNPH 
(non-NPH) patient groups

NNPH NPH

Number of patients 20 26

Males/females 9/11 18/8

Age ± SD (years) 70.7 ± 7.1 73.1 ± 6.0

Kiefer Score preop. ± SD 6.9 ± 3.4 7.2 ± 3.4
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 Discussion

The described method based on a pattern recognition tech-
nique in the time domain is suitable for the detection and 
quantification of SVWs in ICP signals. We consider the 
SVW recognition rate of 97% and the false positive recogni-
tion rate of 1.4% to be promising. However, while both ICPS 
and ICPSmean show clear association with the diagnoses, the 
method in its current form could not be proven to be suitable 

for determination of a cutoff point with good specificity and 
sensitivity.

The recognition algorithm can be further improved by 
using a larger database for the definition of the threshold 
beyond which SVW is indicated and by having multiple 
operators perform the visual inspection of the waveforms in 
this database. This extended parameterization and validation 
is likely to be of particular relevance for noisy and artifact- 
laden ICP signals.

Table 2 ICPS, ICPSmean, and TFS of individual patients identified by patient number (Pat. no.) as well as the mean values, standard deviations (SD), 
and p-values

NNPH NPH

Pat. no. ICPSmean (mmHg) TFs ICPs (mmHg) Pat. no. ICPSmean (mmHg) TFs ICPs (mmHg)

1 0.496 0.397 1.250 21 0.321 0.197 1.632

2 0.251 0.503 0.498 22 0.172 0.203 0.845

3 0.473 0.307 1.542 23 0.512 0.343 1.494

4 0.447 0.522 0.857 24 0.476 0.548 0.868

5 0.143 0.152 0.941 25 0.313 0.214 1.460

6 0.406 0.296 1.373 26 0.508 0.487 1.044

7 0.465 0.500 0.931 27 0.054 0.046 1.189

8 0.375 0.487 0.769 28 1.884 0.468 4.026

9 0.233 0.370 0.629 29 0.053 0.045 1.176

10 0.464 0.479 0.967 30 0.446 0.553 0.807

11 0.170 0.237 0.716 31 0.231 0.321 0.719

12 0.010 0.025 0.404 32 0.797 0.529 1.506

13 0.337 0.455 0.742 33 0.263 0.225 1.171

14 0.305 0.322 0.946 34 0.925 0.487 1.897

15 0.399 0.351 1.135 35 0.336 0.368 0.912

16 0.691 0.565 1.223 36 0.707 0.474 1.493

17 0.238 0.277 0.858 37 0.476 0.328 1.451

18 0.010 0.007 1.575 38 0.387 0.486 0.798

19 0.398 0.348 1.146 39 0.472 0.473 0.998

20 0.311 0.352 0.883 40 0.508 0.389 1.306

41 0.287 0.224 1.278

42 0.493 0.480 1.029

43 1.224 0.571 2.144

44 0.520 0.464 1.121

45 0.623 0.426 1.464

46 0.588 0.569 1.034

Mean 0.331 0.969 0.522 1.341

SD 0.164 0.309 0.370 0.636

p-Value Mann–Whitney Test ICPSmean NPH vs. NNPH 0.022

p-Value Mann–Whitney Test ICPS NPH vs. NNPH 0.014

Significant Association of Slow Vasogenic ICP Waves with Normal Pressure Hydrocephalus Diagnosis
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 Conclusions

The method described herein is suitable for the detection and 
quantification of SVWs in ICP signals. Using this method, 
we found a significant association between the occurrence of 
SVWs and independent NPH diagnosis. We conclude that 
recognition and quantitative analysis of SVWs may be con-
sidered a component in the diagnosis of NPH.
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Abstract Objective: The amplitude of intracranial pressure 
(ICP) can be measured by ICP monitoring. Phase-contrast 
magnetic resonance imaging (PCMRI) can quantify blood 
and cerebrospinal fluid (CSF) flows. The aim of this work 
was to investigate intracranial compliance at rest by combin-
ing baseline ICP monitoring and PCMRI in hydrocephalus 
patients.

Materials and methods: ICP monitoring was performed 
before infusion testing to quantify ΔICP_rest at the basal 
condition in 33 suspected hydrocephalus patients (74 years). 
The day before, patients had had a PCMRI to assess total 
cerebral blood flow (tCBF), intracranial blood volume 
change (stroke volume SVblood), and cervical CSF volume 
change (the stroke volume CSV). Global (blood and CSF) 
intracranial volume change (ΔIVC) during each cardiac 
cycle (CC) was calculated. Finally, Compliance: C_
rest = ΔIVC/ΔICP_rest was calculated. The data set was 
postprocessed by two operators according to blind analysis.

Results: Bland–Altman plots showed that measurements 
presented no significant difference between the two operators. 
ΔICP_rest = 2.41 ± 1.21 mmHg, tCBF = 469.89 ± 127.54 mL/
min, SVblood = 0.82 ± 0.32 mL/cc, CSV = 0.50 ± 0.22 mL  /
cc, ΔIVC = 0.44 ± 0.22 mL, and C_rest = 0.23 ± 0.15 mL/
mmHg. There are significant relations between SVblood and 
CSV and also SVblood and tCBF.

Conclusions: During “basal” condition, the compliance 
amplitude of the intracranial compartment is heterogeneous 
in suspected hydrocephalus patients, and its value is lower 
than expected! This new parameter could represent new 
information, complementary to conventional infusion tests. 
We hope that this information can be applied to improve the 
selection of patients for shunt surgery.

Keywords ICP monitoring · PCMRI · Physiological · 
Intracranial compliance · Rest · Hydrocephalus

 Introduction

Hydrocephalus is associated with cerebrospinal fluid (CSF) 
dynamic disturbances [1, 2]. It is characterized by gait dis-
turbance, urinary incontinence, cognitive impairment, and 
ventricle enlargement [3]. The guidelines for the manage-
ment of patients with hydrocephalus recommend intracranial 
pressure (ICP) monitoring and infusion studies [4] and the 
placement of a shunt as the treatment of reference.

From ICP monitoring and infusion tests, many parame-
ters, like resistance to CSF absorption (Ro), mean ICP wave 
amplitude (MWA), mean ICP, elastance coefficient or 
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 intracranial compliance, can be assessed. Some authors have 
suggested the usefulness of these parameters in identifying 
shunt responders [5], while others did not find this benefit 
[6]. Intracranial compliance determines the ability of the 
cranio-spinal system to accommodate an increase in volume 
without an increase in pressure [7, 8].

Intracranial compliance is obtained by dividing a known 
external volume infused in the subarachnoid spaces by the 
amplitude of ICP in response to this volume [9]. However, 
although this way of assessing intracranial compliance is 
recognized worldwide, it appears that infusion is a kind of 
disruption of intracranial volume [10] and does not reflect 
the physiological behavior of the intracranial compartment.

Phase-contrast magnetic resonance imaging (PCMRI) is 
the only imaging technique that is able to quantify the CSF 
and blood oscillations in physiological conditions during the 
cardiac cycle (CC) [11–13]. These volume changes are 
directly related to ICP oscillations during the CC [14].

We hypothesized that it was possible to calculate ICP 
changes during the CC before an infusion using ICP moni-
toring and to calculate intracranial volume change (blood 
and CSF) during the CC by PCMRI. The aim of this study 
was to quantify the intracranial compliance of hydrocepha-
lus patients in physiological conditions without an infusion.

 Materials and Methods

 Study Population

Thirty-three patients suspected of probable hydrocephalus 
(15 women and 18 men) with a mean age of 74 ± 8 years 
(range 52–85) were prospectively included in the “Proliphyc” 

research program in Toulouse Hospital. They were included 
on the basis of chronic hydrocephalus symptoms: gait distur-
bance, cognitive impairment, urinary incontinence, and ven-
tricular dilation. These patients underwent a lumbar 
constant-rate infusion test and PCMRI the day before.

 ICP Study: Infusion Test Protocol

The lumbar constant-rate infusion test protocol described pre-
viously was used [15]. The test is performed with a constant- 
rate infusion (1.5 mL min−1) using a lumbar catheter. The 
measuring system is presented in Fig. 1a. The lumbar catheter 
is connected to two needles: a pressure sensor and an infusion 
pump. A syringe infusion pump is connected to the second 
needle to infuse normal saline. After about 10 min of the basal 
pressure measurement, the infusion is started. The constant-
rate infusion is continued until ICP reaches the plateau, and 
then the infusion is stopped. After infusion, the descending 
ICP is recorded for about 10 min (Fig. 1b). The signal is sam-
pled, stored, analyzed, and displayed during the infusion test 
by using purpose-designed software ICM+ [16].

 ICP Study: Postprocessing

We used homemade software to assess the resting ICP ampli-
tude (ΔICP_rest) during the CC before the injection in the 
basal period (Fig. 1b). The software overcomes a patient’s 
respiratory modulations and calculates the curve of evolution 
of ICP during the CC at rest. Then, ΔICP_rest was calculated 
during the rest period: ΔICP_rest = ICPmax-ICPmin (Fig. 2).

Pressure
sensor

Bed-side
monitor

A/C PC

Lumbar catheter

Infusion
pump

ICP (mmHg)

Basal

Infusion

Plateau

Post-infusion

Time (min)

0.9% NaCl
container

a b

Fig. 1 (a) ICP monitoring system used during infusion test [15]. (b) Typical recording of mean ICP during constant-rate infusion test. Resting ICP 
was monitored at basal period. During infusion, ICP increases, reaches a plateau, and decreases after infusion
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 PCMRI Study: Flow Acquisitions

The same patients had PCMRI the day before the infusion test. 
It was performed on a 3T MRI machine. The PCMRI planes 
were perpendicular to the assumed direction of the CSF and 
blood flows to assess: (1) arterial blood flow in the internal 
carotid arteries (ICAs) and basilar artery (BA), and venous 
flow in the sinuses (sagittal and straight); (2) cervical CSF flow 
at the C2–C3 level. PCMRI parameters included a repetition 
time of 23 ms, echo time of 5 ms, a 150 × 150 mm field of view, 
a section thickness of 5 mm, and a flip angle of 15°. Velocity 
sensitization was set to 80 cm/s for the blood vessels and 5 cm/s 
for the CSF around the spine. Retrospective cardiac gating was 
used, and 32 images per CC were reconstructed. For each flow 
series, the acquisition time was approximatively 2 min, depend-
ing on the cardiac period (Fig. 3).

 PCMRI Study: Flow Measurements

PCMRI acquisitions were postprocessed using flow analy-
sis software [11]. This software automatically determines 

the flow curve over the CC for a given region of interest. 
The flow in the left and right internal carotid and basilar 
arteries were added in each individual to determine the total 
cerebral blood flow (tCBF). The flows in the sagittal and 
straight sinuses were summed to obtain the measured cere-
bral venous outflow. Given that the entire cerebral venous 
outflow must equal the tCBF, the measured venous flow 
was corrected taking account of tCBF. Arteriovenous flow 
was determined by subtracting the corrected venous flow 
from the tCBF. Cervical CSF flow during the CC was also 
determined. Cervical CSF stroke volume (CSV) and blood 
stroke volume (SVblood) were calculated by integrating 
respectively the cervical CSF flow and arteriovenous flow 
along the CC. These stroke volumes correspond to the vol-
ume of fluid moving inside and outside the cranium during 
the CC and represent the area under and over the curves of 
the cervical CSF and arteriovenous flows, respectively 
(Fig. 4a).

Arteriovenous flow and cervical CSF flow were summed, 
and the global intracranial flow change in the system during 
the CC was obtained. This global intracranial flow change 
was integrated along the CC, and the global (blood and CSF) 
intracranial volume change (ΔIVC) during the same CC was 
calculated (Fig. 4b).

ICP post processinga
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basal period) in the red
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(mmHg) function of time (s))
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respiratory pulses are visible
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Fig. 2 Determination of resting 
ICP amplitude during CC. Using 
MRiCP software, we focus on 
basal ICP measurement (a); the 
software overcomes the 
respiratory modulations and 
focuses on patient cardiac 
frequency (b). Then, mean ICP 
with standard deviation was 
calculated over the entire CC, 
and the ICP amplitude at rest 
during the CC (ΔICP_rest) was 
also determined (c)
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 Compliance of Intracranial Compartment

Finally, compliance at rest (C_rest) in mL/mmHg was 
calculated:

 
C rest

IVC

ICP rest
_

_
.=

∆
∆  

 Statistical Analysis

Statistical analysis was performed using R statistical and 
Excel software. Two independent operators postprocessed 
these data by blinding analysis. To evaluate the agreement 
between the measurements (tCBF, ΔIVC, ΔICP_rest) per-
formed by both of them, we used Bland–Altman plots and 

a b c

Fig. 3 (a) Data acquisition by PCMRI. The selected acquisition planes 
were perpendicular to the presumed flow direction. By convention, cra-
nial–caudal flow was negative, whereas caudal–cranial flows were posi-
tive. Sections through the intracranial level (b) were used to quantify 

flows in right and left internal carotid arteries (ICAs), basilar artery 
(BA), and sinuses (sagittal and straight); a section through the cervical 
level (c) was used to quantify CSF at C2–C3 around the spine
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Fig. 4 (a) Arteriovenous and cervical CSF flow curves during CC. The areas under and over the curves represent the stroke volume. These two 
flows during the CC were summed and integrated, and global (blood + CSF) intracranial volume change (ΔIVC) was obtained (b)
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Pearson correlation coefficients. After this step, we used the 
mean value of the measurements of both operators. We also 
determined the correlation between (1) tCBF and SVblood 
and (2) SVblood and CSV. Statistical significance was set at 
p < 0.05.

 Results

The Bland–Altman plots showed that the measurements pre-
sented no significant difference between the two operators 
(Fig. 5). The Pearson correlation coefficient presented a 

good correlation between the measurements of the two oper-
ators: r = 0.87, p < 0.001; r = 0.69, p < 0.001; and r = 0.96, 
p < 0.001 for tCBF, ΔIVC, and ΔICP_rest, respectively. The 
mean value of two measurements were synthetized in 
Table 1. As shown in Fig. 6, there is a strong correlation 
between CSV and SVblood (r = 0.76, p < 0.0001) and 
between tCBF and SVblood (r = 0.53, p < 0.001). We found 
a heterogeneous value of compliance in our cohort: C_
rest = 0.23 ± 0.15 mL/mmHg (range 0.04–0.63 mL/mmHg).

 Discussion

This study proposes a new approach to assessing physiologi-
cal intracranial compliance at rest in hydrocephalus patients.

First, our results showed that the quantification of intra-
cranial volume change (ΔIVC) and resting intracranial 
amplitude (ΔICP_rest) could be acquired and calculated 
with good reproducibility even if the values are small. The 
obtained intracranial volume change during the CC is a small 
volume resulting from multiple measurements, which can 
generate additional errors. Nevertheless, the values obtained 
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Fig. 5 Bland–Altman analysis plots of measurements performed by 
two independent operators for total cerebral blood flow (a), intracranial 
pressure amplitude at rest (b), and intracranial volume change (c). The 

difference between the two measurements lay with the limits of agree-
ment, and the bias was close to zero for all estimations

Table 1 Mean values and standard deviation of parameters calculated 
by two blind operators

Parameter Mean value

tCBF (mL/min) 469.89 ± 127.54

CSV (mL/cc) 0.50 ± 0.22

SVblood (mL/cc) 0.82 ± 0.32

ΔIVC (mL) 0.44 ± 0.22

ΔICP_rest (mmHg) 2.41 ± 1.21
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were in accordance with previous works [11, 17, 18]. Using 
a phantom, some authors have shown that PCMRI is an 
accurate technique for measuring small flow [18], while oth-
ers have used this methodology to propose a noninvasive 
method to calculate ICP [17]. Another limit is that ICP moni-
toring and PCMRI were not performed at the same moment 
because ICP monitoring remains unavailable under MRI.

The mean value of compliance calculated at rest (C_
rest = 0.23 ± 0.15 mL/mmHg) in our hydrocephalus patients 
was smaller than 0.5 mL/mmHg, a value that corresponds to 
altered intracranial compliance [19, 20]. C_rest was for the 
most part smaller than the values of intracranial compliance 
calculated using the infusion procedure in hydrocephalus 
patients (0.809 ± 0.085 mL/mmHg) [20] or in patients with 
severe head injury (0.68 ± 0.3 mL/mmHg) [8].

The differences in intracranial compliances observed may 
be related to the method used to measure intracranial compli-
ance at rest. To measure C_rest, we used the intrinsic physi-
ological intracranial volume change during the CC. Thus, 
this is a quick (1 s) and small volume change (less than 
1 mL) in comparison with the infusion procedure. These 
results highlight the fact that intracranial compliance is a 
complex concept, and we hypothesize that intracranial com-
pliance is time and volume dependent and use different 
mechanisms to maintain ICP mean value and amplitude.

The compliances calculated reflect the brain behavior at 
rest during one CC. In our population, we found heteroge-

neous values of C_rest. This indicates that the physiological 
intracranial compliance calculated could be a new biomarker 
to differentiate patients with hydrocephalus.

Taking into account that the patients included in this study 
underwent an infusion test, our future research will compare 
intracranial compliance at rest with other parameters like 
resistance to CSF absorption (Ro) and the following of 
patients. Future studies will seek for if physiological intra-
cranial compliance may be helpful for selecting shunting 
patients.

 Conclusion

This study shows that by combining the record of ICP moni-
toring at the basal period before injection and PCMRI, we 
are able to measure physiological intracranial compliance at 
rest. In hydrocephalus patients, this compliance is 
 heterogeneous and lower than the impairment limit of com-
pliance measured after infusion. This result indicates that the 
mechanism involved during a CC to respond to an increase in 
intracranial volume differs from that implicated during an 
infusion test.

Conflicts of interest statement We declare that we have no con-
flict of interest.
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Abstract Objective: Cerebrospinal fluid (CSF) stroke volume 
in the aqueduct is widely used to evaluate CSF dynamics dis-
orders. In a healthy population, aqueduct stroke volume repre-
sents around 10% of the spinal stroke volume while intracranial 
subarachnoid space stroke volume represents 90%. The ampli-
tude of the CSF oscillations through the different compart-
ments of the cerebrospinal system is a function of the geometry 
and the compliances of each compartment, but we suspect that 
it could also be impacted be the cardiac cycle frequency. To 
study this CSF distribution, we have developed a numerical 
model of the cerebrospinal system taking into account cere-
bral ventricles, intracranial subarachnoid spaces, spinal canal 
and brain tissue in fluid-structure interactions.

Materials and methods: A numerical fluid-structure inter-
action model is implemented using a finite-element method 
library to model the cerebrospinal system and its interaction 
with the brain based on fluid mechanics equations and linear 
elasticity equations coupled in a monolithic formulation. The 
model geometry, simplified in a first approach, is designed in 
accordance with realistic volume ratios of the different com-
partments: a thin tube is used to mimic the high flow resis-
tance of the aqueduct. CSF velocity and pressure and brain 
displacements are obtained as simulation results, and CSF 
flow and stroke volume are calculated from these results.

Results: Simulation results show a significant variability 
of aqueduct stroke volume and intracranial subarachnoid 

space stroke volume in the physiological range of cardiac 
frequencies.

Conclusions: Fluid-structure interactions are numerous 
in the cerebrospinal system and difficult to understand in 
the rigid skull. The presented model highlights significant 
variations of stroke volumes under cardiac frequency varia-
tions only.

Keywords Cerebrospinal fluid . Intracranial pressure . 
Stroke volume . Fluid-structure interaction . Finite- element 
method

 Introduction

Cerebrospinal fluid (CSF) stroke volume in the aqueduct 
(SVaq) is widely used to evaluate CSF dynamics disorders. In 
healthy population, SVaq represents around 10% of the spinal 
stroke volume (SVspi), while intracranial subarachnoid space 
(SAS) stroke volume (SVsas) represents around 90% of SVspi 
[1]. The amplitude of the CSF oscillations through the differ-
ent compartments of the cerebrospinal system is a function 
of the geometry and the compliances of each compartment, 
but we suspect that it could also be impacted by cardiac fre-
quency. To study the CSF distribution, a numerical model of 
the cerebrospinal system was developed taking into account 
cerebral ventricles, intracranial SASs, spinal canal, and brain 
tissue in fluid-structure interactions.

Numerical models of the cerebrospinal system have 
already been developed using fluid equations only [2] or 
fluid and porous media equations [3], but they are not rel-
evant in this study, so a new numerical framework is intro-
duced. Model geometry and parameters are detailed and 
numerical simulations are run. A first step of validation is 
done before the presentation of the results and 
discussion.
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 Materials and Methods

 Numerical Framework

A numerical fluid-structure interaction model is implemented 
using the finite-element-method library FreeFem++ [4] to 
model the cerebrospinal system and its interactions with the 
brain. This model is based on fluid mechanics equations, 
Navier-Stokes equations, solid mechanics equations, and linear 
elasticity equations coupled in a monolithic formulation [5].

The Navier-Stokes equations that describe the fluid 
behavior in a moving do-

main read as follows:

 

ρ ρ µF F F F∂
∂
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u u u f
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where u is velocity, p pressure, U domain velocity, fF vol-
umetric external force (taken here to be zero, meaning grav-
ity is neglected), ρF density, and μF fluid dynamic viscosity, 
and where

 
 u u u( ) = ∇ + ∇( )( )1

2
T
.  

The linear elasticity equations that describe solid defor-
mations read as follows:
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where d is the displacement, fS the volumetric external 
force (taken here to be zero, meaning gravity is neglected), 
and ρS the density of the solid, and where

 
σσ S Sd d I d( ) = ∇( ) + ( )λ µ. 2   

where λ and μS are Lamé’s coefficients and I is the iden-
tity matrix.

Lamé’s coefficients are defined using the Young’s modu-
lus and Poisson’s ratio as follows:
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where E is the Young’s modulus and ν Poisson’s ratio.
To couple these two equations, the continuity of velocity 

and stress is imposed at the fluid-structure interface as 
follows:
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where n is the normal vector and
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The monolithic formulation of this problem leads to the 
following matrix form, where fluid and structure problems 
are strongly coupled and solved at the same time:
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where ϵ is a stabilization term, A and B are the representa-
tives matrix of the problem, U is the fluid velocity, PF is the 
fluid pressure, PS is the solid pressure (equal to zero), and L 
represents external and coupling conditions.

 Geometry

The model geometry, simplified in a first approach, is 
deigned in accordance to realistic volume ratios of the differ-
ent compartments of the cerebrospinal system. Brain, intra-
cranial SASs, and ventricles are designed using 
two-dimensional disks, and a thin tube is used to mimic the 
high flow resistance of the aqueduct (Fig. 1).

The cranium has a radius of 10 cm, intracranial SASs 
have a thickness of 0.75 cm, ventricles have a radius of 3 cm, 
the aqueduct has a radius of 0.2 cm, and the spinal canal has 
a radius of 1 cm.

Brain

CSF

Measurements

Fig. 1 Model geometry
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 Parameters

Fluid and structure parameters, provided from the literature 
[6], are taken in accordance with the CSF and brain mechani-
cal physiological parameters (Table 1).

The model input is located on the spinal canal end where 
a velocity profile, close to the physiological one, is imposed:

 
v A

t

p
=









sin ,

2π
 

where A is the velocity amplitude and p the period of the 
cardiac cycle.
Remark 1

In physiological conditions, CSF oscillations come from 
brain expansion at each cardiac cycle. In our model, this is the 
inverse phenomenon: CSF oscillations cause brain deforma-
tions. This behavior has been chosen, for future use of physi-
ological measures, because CSF flow is easily measured by 
phase-contrast magnetic resonance imaging (PC-MRI); con-
trariwise, brain deformations are hard to obtain.

Simulations are performed with different values of the 
heart rate period (p), keeping the same SVspi (Fig. 2). Twenty 
cardiac cycles are simulated and the results are extracted 
from the last cardiac cycle. CSF velocity and pressure and 

brain displacements are obtained as simulation results, and 
CSF flow and stroke volume are calculated on the basis of 
these results.
Remark 2

Many cardiac cycles are simulated to ensure the stabilization 
of the system.

 Results

 Validation

Model validity is successfully performed on numerical 
benchmarks (specific cases) to ensure the correct agreement 
of the algorithm. In addition, flow conservation is calculated 
in the used model geometry during a cardiac cycle; the net 
flow error is 1.4% ± 1.3 SD.

 Study Case

As a second validation, geometry and flow are measured in a 
healthy subject by MRI to design the model and impose an 
input velocity. Simulation results (Figs. 3 and 4) show good 
agreement with the PC-MRI measured data and with the 
physiological intracranial pressure curve shape and 
amplitude.

 Cardiac Cycle Impact

Simulation results (Figs. 5 and 6) show significant variability 
of SVaq and SVsas in the physiological range of cardiac fre-
quencies; an inversion of the distribution is even observed for 

Table 1 Mechanical parameters

Parameter Symbol Value Unity

Fluid density ρF 1 g cm−3

Fluid viscosity μF 0.001 g cmcm−1 s−1

Solid density ρS 1.1 g cm−3

Solid Young’s modulus E 4.103 g cm−1 s−2

Fluid Poisson’s ratio ν 0.35 –

0.0 0.5 1.0

time (s)
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120 bpm
60 bpm
30 bpm
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Fig. 2 Input of model
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slow cardiac frequencies. The pressure gradient (maximum 
pressure minus minimum pressure during a cardiac cycle) is 
likewise modified by the cardiac frequency variations; it is 
exponentially increased with cardiac frequency growth.

 Discussion

Linear elasticity is justified in this application since small 
deformations are obtained in the simulation results. The pro-
posed model is validated from numerical (benchmark) and 
physiological (flow conservation) points of view.

Numerical results in the study case are in accordance with 
PC-MRI measured data. In addition, the pressure curve pres-
ents a physiological amplitude and shape (peaks and 
valleys).

Cardiac frequency affects the CSF distribution between 
the two main intracranial compartments: ventricles and intra-
cranial SASs; stroke volume distribution is in a physiologi-
cal range for normal (around 60–100 bpm) and high cardiac 
frequencies; contrariwise, the stroke volume distribution 
tends to be equal in the two main compartments as cardiac 
frequency decreases.

Likewise, cardiac frequency affects the pressure gradient 
in the two compartments; the pressure gradient grows as 
cardiac frequency increases. Because the SVspi is conserved, 
a high cardiac frequency causes a rapid inflow of CSF into 
the intracranial compartment, which can explain this 
phenomenon.

Because the absolute pressure term does not appear in the 
Navier-Stokes formulation (only its gradient), it is impossible 
to obtain information about the absolute pressure of the CSF; 
only the gradient of the intracranial pressure is calculated.

 Conclusions

A numerical model is presented taking into account the 
numerous fluid-structure interactions in the cerebrospinal 
system closed in the rigid skull. This model highlights sig-
nificant variations in stroke volume distribution under car-
diac frequency variations only.

In the future, spatial distribution of the intracranial pres-
sure gradient in all the cranio spinal compartments will be 
studied over the time. Improvements will be introduced to the 
model, including with respect to arterial and venous flow. 
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Another improvement could be the determination of the abso-
lute intracranial pressure in connection with Marmarou’s 
studies and the pressure volume curve [7, 8].
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Abstract Objective: Cerebral pressure-flow dynamics are 
typically reported between mean arterial pressure and mean 
cerebral blood velocity. However, by reporting only mean 
responses, potential differential regulatory properties associ-
ated with systole and diastole may have been overlooked.

Materials and methods: Twenty young adults (16 male, 
age: 26.7 ± 6.6 years, BMI: 24.9 ± 3.0 kg/m2) were recruited 
for this study. Middle cerebral artery velocity was indexed via 
transcranial Doppler. Cerebral pressure-flow dynamics were 
assessed using transfer function analysis at both 0.05 and 
0.10 Hz using squat-stand manoeuvres. This method provides 
robust and reliable measures for coherence (correlation index), 
phase (timing buffer) and gain (amplitude buffer) metrics.

Results: There were main effects for both cardiac cycle 
and frequency for phase and gain metrics (p < 0.001). The 
systolic phase (mean ± SD) was elevated at 0.05 
(1.07 ± 0.51 radians) and 0.10 Hz (0.70 ± 0.46 radians) 
compared to the diastolic phase (0.05 Hz: 0.59 ± 0.14 

radians; 0.10 Hz: 0.33 ± 0.11 radians). Conversely, the 
systolic normalized gain was reduced (0.05 Hz: 
0.49 ± 0.12%/%; 0.10 Hz: 0.66 ± 0.20%/%) compared to 
the diastolic normalized gain (0.05 Hz: 1.46 ± 0.43%/%; 
0.10 Hz: 1.97 ± 0.48%/%).

Conclusions: These findings indicate there are differential 
systolic and diastolic aspects of the cerebral pressure- flow 
relationship. The oscillations associated with systole are 
extensively buffered within the cerebrovasculature, whereas 
diastolic oscillations are relatively unaltered. This indicates 
that the brain is adapted to protect itself against large 
increases in systolic blood pressure, likely as a mechanism to 
prevent cerebral haemorrhages.

Keywords Cerebral blood flow . Middle cerebral artery . 
Cerebral autoregulation . Cardiac cycle . Transfer function 
analysis . Blood pressure

 Introduction

Cerebral blood flow (CBF) is regulated independently of 
peripheral circulation through a process commonly known as 
cerebral autoregulation (CA) [1, 2]. The underlying relation-
ship between blood pressure (BP) and CBF effectively func-
tions as a high-pass filter [2–5]. Very-low-frequency (VLF: 
0.02–0.07 Hz) and low-frequency (LF: 0.07–0.20 Hz) oscil-
lations in BP are extensively buffered within the cerebrovas-
culature, while high-frequency (HF) oscillations (>0.20 Hz) 
are passed through comparatively unhindered [1–5]. The 
most common method to quantify this relationship is the 
application of linear transfer function analysis (TFA) 
between mean BP and mean cerebral blood velocity (CBV) 
[2, 3, 5–7]. TFA provides several key metrics  (coherence–
linear correlation coefficient, phase-timing buffer and  gain–
amplitude modulation) that are useful when interpreting the 
input (BP) and output (CBV) nature of this dynamic relation-
ship [1–5, 7, 8].
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Traditionally, mean BP and mean CBV are employed as the 
input and output parameters for quantifying the cerebral pres-
sure-flow response [2, 4, 5, 9–11]. Although this approach pro-
vides useful information in terms of cerebral perfusion pressure 
(~mean BP) and an index of total CBF (~mean CBV), it pro-
vides no additional information about the limitations of the CA 
system, which can be observed when examining the systolic 
and diastolic aspects of the cardiac cycle [12]. Previous research 
has examined the CA relationship in both systole and diastole 
[12], but it was evaluated under spontaneous conditions, which 
have been shown to greatly limit the interpretability of results 
[5]. Therefore, the aim of this study was to re-examine the find-
ings reported by Ogoh et al. [12], which demonstrated there 
were no changes associated with phase and gain metrics across 
the cardiac cycle in healthy humans at rest. In severe unilateral 
carotid stenosis patients, the diastolic correlation coefficient 
autoregulatory index was augmented in the ipsilateral cerebral 
artery (systolic was unchanged) [13], indicating there are dif-
ferential CA regulatory properties across the cardiac cycle. 
Therefore, it was hypothesized there would be reductions in 
gain and increases in phase during systole, relative to diastole.

 Methods and Materials

 Ethical Approval

This study was approved by the University of British Columbia 
Clinical Research Ethics Board, and written informed consent 
was obtained prior to the initiation of data collection.

 Subjects

Twenty healthy younger adult (16 male, 26.7 ± 6.6 years, body 
mass index: 24.9 ± 3.0 kg/m2) subjects were recruited for this 
study. All subjects had a clear history of cardiorespiratory and 
cerebrovascular diseases and were not taking any form of 
medication, and had abstained from exercise, caffeine and 
alcoholic beverages for at least 12 h prior to data collection.

 Experimental Protocols

Squat-stand manoeuvres were employed at 0.05 and 0.10 Hz for 
assessing the cerebral pressure-flow response, as previous 
research has demonstrated this to be the gold-standard method to 

enhance the interpretability of associated transfer function met-
rics [5]. The frequencies for the point estimates were selected as 
they are within the range where CA is thought to have its greatest 
influence on cerebral pressure- flow dynamics [2].

 Instrumentation

Subjects were equipped with a three-lead electrocardiogram 
(ECG) for measurement of R-R intervals. Finger photople-
thysmography was used to continuously track BP (Finometer; 
Finapres Medical Systems, Amsterdam, The Netherlands). 
Bilateral middle cerebral arteries were insonated by placing 
2 MHz Doppler probes (Spencer Technologies, Seattle, WA, 
USA) over the temporal window to obtain CBV. The partial 
pressure of end-tidal carbon dioxide (PETCO2) was sampled 
with a mouthpiece and monitored via an online gas analyser 
(ML206; AD Instruments, Colorado Springs, CO, USA). 
Figure 1 provides representative traces from squat-stand 
manoeuvres (A: BP, B: CBV, C: PETCO2). Heart rate was cal-
culated from the ECG. All data were recorded at 1000 Hz via 
an analog-to-digital converter and stored for subsequent 
analysis using commercially available software (Powerlab 
16/30 ML880; LabChart version 7.1; AD Instruments, 
Colorado Springs, CO, USA).

 Data Processing

Real-time, beat-to-beat systolic, mean and diastolic values of 
BP and CBV were determined from each R-R interval. All 
data were processed and analysed with custom-designed 
software in LabView 11 (National Instruments, Austin, TX, 
USA) as previously described [5, 9–11, 14]. Phase wrap- 
around was not present at any of the point estimates at 0.05 
and 0.10 Hz. Impulse step responses were derived as the 
inverse Fourier transform of the transfer function at the point 
estimates (0.05 or 0.10 Hz) of the driven BP oscillations at 
the systolic, mean and diastolic phases of the cardiac cycle.

 Statistical Analysis

Statistical analyses were performed using SPSS version 
23.0. A 3 (cardiac cycle: systole, mean, diastole) × 2 (fre-
quency: 0.05 Hz, 0.10 Hz) repeated measures ANOVA was 
conducted to examine the main effects on BP, CBV, cross- 
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spectral power and TFA metrics. Where appropriate, 
Bonferroni-corrected post hoc comparisons were performed 
to determine simple effects. Comparisons between frequen-
cies for heart rate and PETCO2 were performed with two- 
tailed paired T-tests. Data are presented as mean ± standard 
deviation (SD). Significance was set a priori to achieve an 
experiment-wide p < 0.05.

 Results

 Haemodynamic and Cerebrovascular 
Responses

There was a main effect of frequency on cardiac cycle for BP 
(p = 0.020) which was not present for CBV measurements 
(p = 0.850). Examining simple effects revealed a 5.9% eleva-
tion in systolic BP (p = 0.006) during the 0.10 Hz squat- 
stand manoeuvres. No significant differences were noted 
between frequencies in any other haemodynamic or cerebro-
vascular responses.

 Fourier and Transfer Function Analysis 
(Table 1)

Impulse step response: The systolic impulse step response 
(Fig. 1d: 0.05 Hz, E: 0.10 Hz) slope was ~40% and ~50% 
less than the mean (p < 0.001) and diastolic (p < 0.001) com-
ponents of the cardiac cycle, respectively.

Power spectrum: The absolute power spectrum of systolic 
BP was approximately double the diastolic BP power spec-
trum at both frequencies (Fig. 2a: p < 0.001), and nearly tri-
ple when normalized (Fig. 2b: p < 0.001). In contrast, the 
absolute systolic CBV power spectrum was only 42% of the 
diastolic point estimate at 0.05 Hz and just 29% at 0.10 Hz 
(Fig. 2c: p < 0.001). For normalized data, the systolic CBV 
power spectrum was reduced to just 7 and 5% of the normal-
ized diastolic power spectrum at 0.05 Hz and 0.10 Hz respec-
tively (Fig. 2d: p < 0.001).

Transfer function analysis: Systolic coherence was 
reduced at both 0.05 Hz (−5%) and 0.10 Hz (−3%) (Fig. 2e: 
p < 0.001). All TFA phase (Fig. 2f) and gain (Fig. 2g, h) 
metrics across the cardiac cycle were consistent with the 
high- pass- filter model. At 0.05 Hz the phase lead associ-
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Fig. 1 Representative time series for blood pressure (BP) (a), middle 
cerebral artery blood velocity (MCAv) (b) and expired carbon dioxide 
(c) during 100 s of squat-stand manoeuvres performed at 0.05 and 

0.10 Hz. Mean impulse step responses from the squat-stand manoeu-
vres at 0.05 (d) and 0.10 Hz (e)
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ated with systole was ~3.4 s and ~1.9 s for both the mean 
and diastolic components of the cardiac cycle. These phase 
leads were further reduced at 0.10 Hz to 1.1 s for systole 
and 0.5 s for mean and diastole. TFA gain was blunted dur-
ing systole at both 0.05 and 0.10 Hz compared with all 
other aspects of the cardiac cycle for both absolute 
(p < 0.001) and normalized (p < 0.001) values. The abso-
lute gain associated with systole at both driven frequencies 
was ~40% (p < 0.001) of the diastolic cardiac cycle, a ratio 
that was reduced even further to 33% (p < 0.001) when the 
data were normalized.

 Discussion

Employing the gold-standard squat-stand manoeuvres to 
augment the signal-to-noise ratio, thereby maximizing the 
reliability of the linear relationship between arterial BP and 
CBV [5], revealed differential regulatory properties between 
the systolic and diastolic components of the cerebral 
pressure- flow relationship. These data reveal that oscilla-
tions associated with systole are extensively buffered within 
the cerebrovasculature, whereas diastolic BP oscillations are 

passed along to the cerebrovasculature essentially unaltered 
(Table 1). These findings are in stark contrast to the work by 
Ogoh et al. [12], which revealed there to be no alterations to 
the BP–CBV relationship across the cardiac cycle under rest-
ing conditions. The discrepancy in the findings of these two 
studies is likely a result of the augmented signal-to-noise 
ratio associated with the squat-stand manoeuvres employed 
in the current study design. Squat-stand manoeuvres raise 
the coherence from 0.50–0.70 obtained with resting data 
[12] to >0.90 in the current study (Table 1).

The current findings indicate the brain is adapted to protect 
itself against large increases in systolic BP, which we specu-
late is a protective mechanism to prevent cerebral hyperperfu-
sion and haemorrhages. During acute elevations in intracranial 
pressure, it has been demonstrated that increased central 
venous pressure can provide a protective mechanism to pre-
vent increases in cerebrovascular transmural pressure, thereby 
avoiding cerebrovascular damage [15]. Although the exact 
protective mechanisms between the  current study and the 
work of Haykowsky et al. [15] differ in time courses, their 
function is essentially the same—to protect the brain from 
surges in CBF. Therefore, previous studies which employed 
TFA to examine CA likely overlooked valuable insight into 
the mechanisms which underlie CBF control.

Table 1 TFA of driven data between blood pressure and MCAv during different aspects of cardiac cycle

Systole Mean Diastole p-Value

0.05 Hz BP power (mmHg2)/Hz 58,121 ± 37,757 37,601 ± 17,167a 25,212 ± 14,670a,b 0.000

0.10 Hz BP power (mmHg2)/Hz 32,050 ± 20,895 25,436 ± 10,688 17,899 ± 8142a,b 0.002

0.05 Hz BP power (%2)/Hz 28,456 ± 17,988 51,969 ± 29,410a 57,561 ± 42,390a 0.002

0.10 Hz BP power (%2)/Hz 14,958 ± 11,066 31,988 ± 22,629a 44,545 ± 41,781a,b 0.002

0.05 Hz MCAv power (cm/s)2/Hz 7404 ± 5606 18,506 ± 9526a 17,391 ± 10,657a 0.000

0.10 Hz MCAv power (cm/s)2/Hz 6711 ± 5419 21,448 ± 12,772a 22,862 ± 12,815a 0.000

0.05 Hz MCAv power (%2)/Hz 7735 ± 6575 53,635 ± 25,711a 112,491 ± 70,625a,b 0.000

0.10 Hz MCAv power (%2)/Hz 8374 ± 7867 56,512 ± 27,817a 147,558 ± 71,162a,b 0.000

0.05 Hz coherence 0.94 ± 0.06 0.99 ± 0.01a 0.99 ± 0.01a 0.001

0.10 Hz coherence 0.97 ± 0.03 0.99 ± 0.01a 1.00 ± 0.00a 0.001

0.05 Hz phase (rad) 1.07 ± 0.51 0.61 ± 0.12a 0.59 ± 0.14a 0.000

0.10 Hz phase (rad) 0.70 ± 0.46 0.34 ± 0.10a 0.33 ± 0.11a 0.001

0.05 Hz gain (cm/s/mmHg) 0.35 ± 0.07 0.71 ± 0.13a 0.86 ± 0.21a,b 0.000

0.10 Hz gain (cm/s/mmHg) 0.44 ± 0.13 0.91 ± 0.24a 1.14 ± 0.28a,b 0.000

0.05 Hz gain (%/%) 0.49 ± 0.12 1.04 ± 0.19a 1.46 ± 0.43a,b 0.000

0.10 Hz gain (%/%) 0.66 ± 0.20 1.35 ± 0.33a 1.97 ± 0.48a,b 0.000

0.05 Hz impulse step response slope 
(cm/s/mmHg)

−0.50 ± 0.16 −0.81 ± 0.23a −1.01 ± 0.34a,b 0.000

0.10 Hz impulse step response slope 
(cm/s/mmHg)

−0.64 ± 0.20 −1.10 ± 0.28a −1.19 ± 0.36a,b 0.000

Values are means ± SD. Blood pressure (BP); middle cerebral artery velocity (MCAv). Statistical significance was set at p < 0.05
aSignificance from systole
bSignificance from mean

J.D. Smirl et al.
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Fig. 2 Mean power spectrum densities (PSDs) for absolute blood pres-
sure (BP) (a), normalized BP (b), absolute middle cerebral artery 
velocity (MCAv) (c) and normalized MCAv (d). TFA outcome metrics 
(mean ± SD) for coherence (e), phase (f), absolute gain (g) and normal-
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vres performed at 0.05 and 0.10 Hz. Asterisk denotes significance from 
systole, dagger denotes significance from mean, double dagger denotes 
significance from 0.05 Hz

Differential Systolic and Diastolic Regulation of the Cerebral Pressure-Flow Relationship During Squat-Stand Manoeuvres



268

 Conclusion

The differential systolic and diastolic aspects of the cerebral 
pressure-flow relationship can be accurately quantified 
through the application of squat-stand manoeuvres. Systolic 
BP oscillations are extensively buffered within the cerebro-
vasculature, whereas diastolic oscillations are relatively 
unaltered. This indicates the brain is adapted to protect itself 
against large increases in systolic BP, likely as a mechanism 
to prevent cerebral haemorrhages. In clinical situations in 
which individuals are able to perform a squat-stand manoeu-
vre (e.g. mild traumatic brain injury, concussion, chronic 
obstructive pulmonary disease, heart failure), we recom-
mend that investigators employ this technique to examine the 
CA response across the cardiac cycle. This approach will 
provide additional insight into the regulatory mechanisms 
within the cerebrovasculature.

Conflicts of interest statement We declare that we have no con-
flict of interest.
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Abstract Objective: To determine normal ranges for tradi-
tional transcranial Doppler (TCD) measurements for two age 
groups (14–19 and 20–29 years) and compare to existing lit-
erature results. The development of a normal range for TCD 
measurements will be required for the development of diag-
nostic and prognostic tests in the future. 

Materials and Methods: We performed TCD on the mid-
dle cerebral artery on 147 healthy subjects aged 18.9 years 
(SD = 2.1) and calculated mean cerebral blood flow velocity 
(mCBFV) and pulsatility index (PI). The study population 
was divided into two age populations (14–19 and 
20–29 years). 

Results: There was a significant decrease in PI (p = 0.015) 
for the older age group with no difference in mCBFV. 

Conclusion: Age-related, normal data are a prerequisite 
for TCD to continue to gain clinical acceptance. Our correla-
tion of age-related TCD findings with previously published 
results as the generally accepted “gold standard” underlines 
the validity and sensitivity of this ultrasound method.

Keywords Transcranial Doppler · Ultrasound · Traumatic 
brain injury · Pulsatility index

 Introduction

Transcranial Doppler (TCD) ultrasound was developed in 
the early 1980s and is a safe and noninvasive alternative to 
costly imaging diagnostics for measuring cerebral hemody-
namics [1]. TCD has been widely used for a number of neu-
rological conditions, including assessing the status of the 
arteries after a subarachnoid hemorrhage (SAH) [2], aiding 
preventive maintenance in children with sickle cell anemia 
[3–5], facilitating risk assessment in embolic stroke patients 
[6, 7], and monitoring changes in cerebral blood flow veloc-
ity (CBFV) following a traumatic brain injury (TBI).

Compared with more advanced imaging modalities (e.g., 
MRI, CT, PET), TCD provides high temporal resolution 
information about cerebral hemodynamics while being low-
cost and portable. However, to use TCD as a general diag-
nostic tool for TBI or other neurological conditions, 
normative ranges of CBFV for healthy populations must be 
established.

Two traditional TCD metrics calculated from CBFV are 
mean cerebral blood flow velocity (mCBFV) and pulsatility 
index (PI). mCBFV is derived through the spectral envelope 
of the Doppler signal as

mCBFV = (PSV + [EDV × 2])/3,

where PSV is peak systolic velocity and EDV is end-diastolic 
blood flow velocity [8]. Gosling’s PI is calculated as

PI = (PSV − EDV)/mCBFV.

The reference range of Gosling’s PI is between 0.5 and 
1.19 [9]. The main advantage of PI is that it is a ratio and not 
affected by the angle of insonation. Therefore, PI may be a 
very sensitive parameter for early detection of intracranial 
hemodynamic changes.

Previous studies evaluated CBFV within different subject 
groups using TCD [6, 8, 10–12]. Here, we provide an over-
view of the basic ranges of traditional features for different 
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Table 1 Summary of mCBFV and PI for TCD studies performed on healthy subjects published in current literature

Age

MCA Mean Velocity (SD) Pulsatility Index (SD)

Hennerici Khoja Ringelstein Demirkaya Bode Tegeler This work Demirkaya Bode Tegeler This work

1

85 (10)
0.69 
(0.19)2

3 94 (10) 0.87 
(0.22)

4

5 75.7 (8.7) 0.75 (0.21)

6 97 (9) 0.73 
(0.18)

7

8

9

10 70 (16.4) 81 (11) 0.85 
(0.26)

11 63.6 (12.1) 0.86 (0.36)

12

13

14 70.71 
(13.0)

0.79 
(0.11)

15

16

17

18 68 (13) 66.6 
(14.4)

0.85 
(0.13)

19

20 67.53 
(11.1)

0.74 
(0.11)

21 58.4 (8.4) 57.4 (8.7) 0.97 (0.44)

25

29

30 57 (11.2) 64.6 (8.8) 0.80 
(0.15)

31 57.9 (11.2) 0.80 (0.40)

34

35

39

40 57.7 (11.5) 57 (12) 60.0 
(11.2)

0.76 
(0.10)

41 65.9 (14.5) 0.75 (0.41)

44

45

49

50 51 (9.7) 56.6 (9.4) 0.80 
(0.10)

51 51.3 (12.7) 0.82 (0.37)

54

55

59

60 51.2 
(10.0)

0.85 
(0.10)

61 44.7 (11.1) 54 (18)

64

65

69

70 49.6 
(10.5)

0.95 
(0.17)74

75

80

Values reported as mean and SD

S. Krakauskaite et al.
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age ranges found in the current literature and include our 
recent results (Table 1). In general, all studies combined 
show that CBFV decreases with increasing age and that PI is 
not age dependent.

Tegeler et al. completed a comprehensive study of TCD 
velocities in a large, healthy population consisting of 364 
healthy subjects aged 18–80 [6]. There was no difference in 
the mCBFV between left- and right-side segments of the 
circle of Willis, with the exception of the distal M1 
(p = 0.022) and the C1 (p < 0.0001), both slightly higher on 
the left.

Bode et al. performed a cross-sectional study on 112 
healthy children between 1 day and 18 years of age [8]. A 
rapid linear increase of flow velocities was found within the 
first 20 days, with higher velocities in neonates of higher 
birth weight and gestational age. Maximal CBFV values 
were recorded between the ages of 5 and 6 years. After years 
5 and 6, velocities decreased linearly to 81 cm/s (standard 
deviation (SD) = 11) at the age of 18 years, 70% of their 
maximum.

Ringelstein and colleagues examined 106 normal volun-
teers and 59 patients with subclavian steal mechanisms [10] 
who showed a decrease in CBFV with increasing age.

A study investigating the age dependence of CBFV by 
Grolimund and Seiler [11] was completed that consisted of 
535 subjects with a mean age of 54.9 years (SD = 16.0) 
years. They reported no significant difference between right 
and left sides with a mean velocity of 57.3 cm/s (SD = 14.8). 
None of these patients showed any neurological deficit at the 
time of the investigation.

Demirkaya et al. studied the influence of age and gender 
on normal values of flow velocities in 63 healthy volunteers 
(30 male and 33 females; age range 5–69 years old) [12]. 
Contrary to [6], they did not find a difference in gender. 
Results showed a decrease with advancing age that was sig-
nificant above 40 years of age.

Hennerici et al. presented a study with 50 subjects rang-
ing from 21 to 79 years of age and proposed a scanning sys-
tem to help reduce interindividual variation for peak flow 
measurements [13]. This work noted that the variation in 
mean flow velocities was lower.

We have compiled a comparison table that includes our 
new measurements (Table 1). Additional data from a work-
shop presented by Khoja are also included [14].

 Material and Methods

Study subjects (or parent/guardian) were asked to complete 
a brief medical questionnaire to ensure inclusion in the 
study, and informed consent was obtained for each subject. 

Study inclusion and exclusion criteria are described below. 
Subjects were then moved to a private area to reduce dis-
traction during the study, where an acclimatization period of 
approximately 5–10 min prior to the beginning of the study 
protocol. Subjects sat upright (70–90°) in a high-back chair 
with arm and head rests to provide comfort. TCD ultraso-
nography was used to monitor CBFV in the middle cerebral 
artery (MCA) bilaterally using a U.S. Food and Drug 
Administration–cleared headset (Doppler BoxX, DWL 
USA, Inc.). Ultrasound probes (2 MHz) were positioned 
over the right and left temporal bones superior to the zygo-
matic arch. Ultrasound gel was applied to enhance signal 
quality.

All results are reported as mean and SD. The clinical 
study enrolled 147 healthy subjects 18.9 (2.09) years of age 
who had not suffered a TBI within the last 90 days. TCD 
measurements were taken for 5 min during normal breath-
ing, and mCBFV and PI were then calculated. TCD metrics 
were compared with the Mann–Whitney test at a significance 
of 0.05. The study was approved by the local Western 
Institutional Review Board (20141111). Exclusion criteria 
included the following: individuals younger than 14 years of 
age, a person from a vulnerable group (cognitively impaired 
individuals, prisoners, and pregnant women), open head 
injury, skull fracture, soft tissue trauma to the temporal 
region, subjects with a history of moderate or severe TBI, 
stroke, seizure disorder (epilepsy), brain tumor, brain abscess 
or brain infection, meningitis, blood clotting disorder, sickle 
cell disease, systolic arterial blood pressure greater than 
140 mmHg (hypertension), asthma, emphysema, bronchitis, 
pneumonia, chronic obstructive pulmonary disease, and 
other pulmonary diseases and disorders.

 Results

Normal ranges for mCBFV and PI measured in this study are 
shown in Table 2 and Fig. 1. They suggest that there is a sig-
nificant decrease in PI (p = 0.015) between the two age 
groups but no significant change in mean CBFV.

Table 2 Summary of normative TCD data measured at baseline, rest 
conditions

Age 
range

Male/female, n Age, 
years

Mean CBFV, 
cm/s

Mean PI, 
unitless

14–19 86/10 16.5 (1.3) 71.0 (13.0) 0.79 (0.11)

20–29 36/15 23.5 (3.1) 68.5 (11.1) 0.74 (0.11)

Values reported as mean and SD

Normative Ranges of Transcranial Doppler Metrics
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 Discussion

The present study was designed to establish normal reference 
values of different age groups for the mCBFV and PI in the 
MCA as determined with TCD. According to the existing litera-
ture, the range of mCBFV for children under the age of 18 is 
66.6–97.0 cm/s and healthy adults 18 and older 57.4–81.0 cm/s. 
In general, mCBFV in the MCA is higher among women than 
men [6]. mCBFV decreased with advancing age in both men 
and women. Measured results reported here show similar find-
ings to those in published work for normative ranges. In particu-
lar, our results correlate well with those reported by Tegeler and 
Ringelstein in their study of a large, healthy population. This 
work and cited references support the need for additional age-
matched cerebral hemodynamic data, including the traditional 
TCD metrics mCBFV and PI for relevant comparisons.

Current literature describes the TCD monitoring process 
of pinpointing arteries as a difficult task that requires consid-
erable expertise [15, 16]. The technical limitations of TCD 
include user variability both intra- and interoperator. The 
standard TCD method is performed by manual handheld 
monitoring. Manual monitoring is typically useful for 
recording flow data for 5–50 cardiac cycles. Longer periods 
may result in signal loss owing to operator fatigue, loss of 
interface from operator hand, or subject head movements, all 
leading to increased variability in measurements. To address 
this issue, a number of different TCD headsets, such as the 
one used for our study, have been designed that improve the 
stability of measurements. The ultrasound probe is no longer 
held manually by the operator. Instead, a headset with an 
attached probe is secured to the subject’s head and then the 
probe is adjusted manually until a sufficient signal is found. 
However, current headset designs can become cumbersome 

and uncomfortable to wear and lack consistent stability for 
continuous monitoring owing to the numerous points of con-
tact around the head. Widespread use in the clinical realm for 
continuous monitoring requires significant strides in the 
design of a device that simplifies continuous TCD signal 
acquisition through fast localization of vessels, stabilization, 
and real-time tracking.

In addition to the technical difficulties of TCD, many phys-
iological factors affect CBFV, including age, hematocrit, gen-
der, fever, metabolic factors, pregnancy, menstruation, 
ethnicity, exercise, and brain activity [9, 17–19]. Of these, age 
is the most important factor affecting measured TCD values in 
men and women. The lack of side-to-side differences in TCD 
parameters may offer another normative parameter to use for 
patients with severe unilateral conditions where contralateral 
TCD measurements may serve as control values. Moreover, 
the CBFV in a given artery is inversely related to the cross-
sectional area of the same artery [16, 20]. Hence, TCD ultra-
sonography gives an indirect evaluation of the diameter of an 
intracranial vessel through the analysis of blood flow velocity, 
which can be used to determine constriction as well as obstruc-
tions that effectively reduce the diameter. Finally, it is esti-
mated that approximately 10–20% of patients have inadequate 
transtemporal acoustic windows, which would impact the 
ability to acquire a true CBFV signal [21].

 Conclusion

Age-related, normal data are a prerequisite for TCD to con-
tinue to gain clinical acceptance. The high sensitivity of TCD 
in identifying abnormally high or low CBFVs demonstrates 
that TCD represents an excellent first-line examination 

40 50 60 70

mCBFV (cm/sec) PI

0 0

5

10

15

20

14-19

20-29

2

4

6

8C
ou

nt 10

12

14

16

18

80 90 10
0

11
0

0.
5

0.
6

0.
7

0.
9

1.
0

1.
1

1.
2

0.
8

Fig. 1 Histogram summary of normative TCD data for subjects aged 14–19 and 20–29 measured in this study: (a) mean velocity and (b) PI, both 
measured at baseline rest conditions

S. Krakauskaite et al.



273

method to identify patients who may need urgent aggressive 
treatment. Results presented here and in recent publications 
for mCBFV show significant decreases with increasing age, 
which need to be considered when trying to understand 
hemodynamic changes with age and pathology.

TCD studies in large multiethnic populations are still 
required to determine differences in cerebral hemodynamics 
across various ethnic groups. The data arising from our ret-
rospective study on adolescents and adults without cerebral 
and cerebrovascular disease may serve as preliminary, nor-
mal data until a prospective TCD study of this age group 
strengthens or elaborates our findings. Additionally, methods 
and techniques to simplify and automate measurements with 
TCD will improve both its utility and acceptance in clinical 
settings.
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Abstract Objective: Ischemic stroke is a leading cause of 
death and disability. Autoregulation and collateral blood 
flow through the circle of Willis both play a role in prevent-
ing tissue infarction. A steady-state model of the cerebral 
arterial network was used to investigate the interaction of 
these mechanisms when autoregulation is impaired ipsilat-
eral to an occluded artery. 

Materials and methods: Twelve structural variants of the 
circle of Willis were modelled with left internal carotid 
artery occlusion and coupled with (1) a passive model of the 
cerebral vascular bed, (2) a steady-state model of an auto-
regulating cerebral vascular bed, and (3) a model in which 
the contralateral hemisphere autoregulates and the ipsilateral 
hemisphere does not. 

Results: Results showed that if the autoregulatory 
response is impaired ipsilaterally, then, in the autoregulating 
hemisphere, cerebral flows are preserved at the expense of 
those on the ipsilateral side. 

Conclusions: Thus, although autoregulation is an essen-
tial facilitator of collateral flow through the circle of Willis, 
contralateral autoregulation can exacerbate flow reductions 
if not balanced by the same response in the vascular beds on 
the ipsilateral side. The status of the autoregulatory response 
in both hemispheres can strongly influence cerebral blood 
flows and tissue survival and should, therefore, be monitored 
in stroke.

Keywords Collateral flow · Impaired autoregulation · 
Ischemia · Arterial occlusion · Cerebral haemodynamics

 Introduction

During stenosis or occlusion of an artery supplying the brain, 
the health of cerebral tissue is primarily dependent on the 
severity and duration of ischemia. Because brain tissue has 
only very small stores of glucose [1], reductions in cerebral 
blood flow rapidly lead to a depletion of energy stores, result-
ing in tissue damage. Blood is supplied to the brain via the 
circle of Willis, an arterial ring at the base of the cranium 
(Fig. 1a). Through the communicating arteries the circle of 
Willis provides the brain with primary collateral (i.e. alterna-
tive) flow pathways. These pathways potentially enable 
blood to bypass a vessel blockage and to continue to supply 
hypoperfused tissue [2], thereby reducing the severity of 
ischemia.

However, the structure of the circle of Willis varies from 
one individual to the next [3, 4], meaning that its potential to 
provide collateral flow routes is also variable. In a clinical 
context, vascular surgeries such as aortic arch repair [5] and 
carotid endarterectomy [6] rely on collateral flow through 
the circle of Willis to perfuse cerebral tissue adequately 
while one or both of the ipsilateral afferent arteries are inten-
tionally occluded. Furthermore, the presence of good collat-
eral routes on angiography has been shown to be associated 
with smaller infarct volumes [7] and improved outcomes of 
endovascular recanalisation therapies [8, 9].

Cerebral autoregulation is another system which protects 
cerebral blood flows after arterial occlusion. This physiolog-
ical mechanism can maintain constant flows over wide 
ranges of arterial blood pressure [10]. Autoregulation is 
enacted through dilation of resistance vessels, primarily the 
small arteries and arterioles in response to blood pressure 
reduction, and constriction of these vessels in response to 
raised blood pressure.

Many modelling studies have been conducted on collat-
eral flow through the circle of Willis and on cerebral auto-
regulation, discussions of which can be found in Refs. [10, 
11]. However, it seems that only [12, 13] have investigated 
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the interaction between the two mechanisms, and neither 
work considered the impact of impaired autoregulation ipsi-
lateral to an occluded vessel.

Understanding the interaction between cerebral autoregu-
lation and collateral flow is vital, especially because auto-
regulation can be impaired in the ipsilateral hemisphere in 
stroke patients [10]. Hence, this work will investigate the 
extent to which impaired cerebral autoregulation affects col-
lateral flow and, thereby, affects flows to the cerebral arteries 
in the event of afferent vessel occlusion. An understanding of 
these factors may allow combined assessments of collateral 
flow and autoregulation to be used as better predictors of out-
come in cerebrovascular diseases and interventions.

 Materials and Methods

The arterial network model, including all the parameters 
used to define it, are outlined in [11]. The network was mod-
elled as a steady-state electrical circuit using

 

∆P
Q r

R= =
8

4

µl
π  

(1)

to define the resistance R of each vessel to blood flow Q, 
based on its length l, radius r, the viscosity of blood μ, and ΔP 
the pressure drop across the vessel. Thus, the cerebral arterial 
network was modelled as a system of linear equations. The 

circle of Willis portion of the model is shown in Fig. 1b. 
Through the elimination of circulus arteries, by setting r = 0, 
variants of the structure of the circle of Willis thought to con-
vey high risk of ischemia during left internal carotid artery 
(LICA) occlusion (Fig. 3) [5, 11] were modelled.

Passive cerebral vascular territories were simulated using 
a fixed peripheral resistance, Rp, between the efferent cere-
bral artery and the venous system (Fig. 1c):

 
p p R Q= +v p ,  (2)

where pv is the pressure of the venous system, which was 
taken to be 5 mmHg.

Autoregulation, particularly unilaterally impaired auto-
regulation, was of interest in this work. Autoregulating cere-
bral vascular territories were modelled as described in [11], 
wherein the peripheral resistance was divided into a variable 
arteriolar resistance, Rsa, and a fixed capillary and venous 
resistance, Rv (Fig. 1d):

 
R R Rp sa v= + .  (3)

Negative feedback, based on deviations from reference 
blood flow rates, caused changes in arteriolar compliance, 
which in turn led to changes in arteriolar volume and, there-
fore, resistance. The reference blood flow rates were specific 
to each circle of Willis configuration: they were set at the 
flow to the same cerebral territory under non-autoregulating 
conditions when all of the afferent arteries were open, i.e. no 
occlusions.
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The network model forms a system of linear equations, 
which was solved by matrix inversion using Gaussian elimi-
nation. The network and autoregulation equations were 
solved iteratively, as described in [11], until the model con-
verged on a solution.

 Simulations

For each circle of Willis configuration of interest three sce-
narios concerning the status of the cerebral autoregulatory 
response were considered (Fig. 2): Scenario 1—none of the 
cerebral territories autoregulates; Scenario 2—all of the 
cerebral territories autoregulate; and Scenario 3—only those 
cerebral territories contralateral to the occluded afferent 
artery autoregulate. The three scenarios were simulated 
under baseline conditions, i.e. when all of the afferent arter-
ies were open, then simulated with the LICA occluded.

 Results

Figure 3 shows the effects of LICA occlusion on flows 
through the efferent arteries of the 12 circle of Willis con-
figurations of interest in this work. For example, in Fig. 3, 
Scenario 1 shows that in the complete circle of Willis occlu-
sion of the LICA results in a 7.1% reduction in blood flow to 
the left middle cerebral artery if none of the cerebral territo-
ries autoregulates, a 1.0% reduction if all of the territories 
autoregulate, and a 7.2% reduction if only the territories on 
the right side autoregulate.

Figure 3 demonstrates that collateral flow alone (Scenario 
1) is unable to ensure adequate (>90%) cerebral flows in all 
but three variants of the circle of Willis (1, 2 and 4). It is also 
evident that autoregulation locally enhances maintenance of 
blood flow to cerebral tissue. Complete autoregulation 
(Scenario 2) preserves flows in all but two circle variants (8 
and 10), whereas incomplete autoregulation (Scenario 3) 

preserves flows contralateral to the occlusion at the expense 
of the cerebral territories most at risk.

 Discussion

A simplified cerebral arterial network was modelled in 
steady state. The model had previously been shown to com-
pare well with 1D flow models of the same network and 
with data of measured flow rates in the cerebral arteries 
[11]. The results of simulations of LICA occlusion show 
that autoregulating cerebral arteriolar networks exploit 
available collateral flow routes through the circle of Willis 
to preserve flow; however, this occurs at the expense of 
cerebral territories that cannot autoregulate. The Scenario 3 
simulations in which autoregulation is active contralateral to 
and impaired ipsilateral to the ICA occlusion show that the 
autoregulating territories are protected, often more so than 
in Scenario 2, in which all of the cerebral territories auto-
regulate. Conversely, in Scenario 3, the passive cerebral ter-
ritories of the left hemisphere receive even lower blood flow 
than in Scenario 1, in which none of the cerebral territories 
autoregulates.

In [11], the 12 circles of Willis were categorised as low, 
medium or high risk based on the magnitude of the flow reduc-
tions seen after LICA occlusion when the 6 cerebral territories 
were either all passive or all autoregulating. Circles 1, 2 and 4 
were classed as low risk because flow reductions were limited 
to less than 10%, regardless of the status of autoregulation. 
Circles 3, 5, 6, 7, 9, 11 and 12 were classed as medium risk 
because all efferent flow reductions of greater than 10% in 
Scenario 1 were reduced to below 10% when autoregulation 
was active globally (Scenario 2). Only circles 8 and 10 were 
considered high risk because they saw flow reductions which 
remained greater than 10%, even when complete autoregula-
tion was taken into account. However, the results presented in 
Fig. 3 demonstrate that all circle of Willis structures classified 
as medium risk in [11] are high risk when autoregulation is 
only active contralateral to the occluded ICA (Scenario 3).

Scenario 1

All cerebral
territories
passive

Scenario 2

All cerebral
territories
autoregulate     

Scenario 3

Territories
contralateral to
occlusion
autoregulate

Fig. 2 Three autoregulation scenarios were simulated in 12 circle of Willis variants
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 Conclusions

There is evidence that good collateral flow routes can 
reduce stroke risk [7] and improve outcomes of endovascu-
lar therapies [8, 9]. However, this work demonstrates that, 
in the case of ICA occlusion, the potential benefit of col-

lateral flow is substantially undermined when autoregula-
tion is impaired in the ipsilateral hemisphere. Thus, 
knowledge of autoregulatory status in both hemispheres is 
vitally important when assessing collateral flow, and that 
status may be a good predictor of outcome in cerebrovascu-
lar disease.

Fig. 3 Percentage reductions in flow rates through the cerebral arteries 
of 12 circle of Willis variants. Black crosses denote arterial occlusion. 
Flow reductions are listed with Scenario 1 on top, 2 in the middle and 3 

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

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

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

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

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

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

 Introduction

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

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

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

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

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

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

 Patients and Methods

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

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

 Extraventricular Drainage, ICP Monitoring, 
and Assessment of Cerebral Autoregulation

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

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

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

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

 CSF Drainage and Intermittent EVD Closure

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

 Data Analysis and Statistics

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

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

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

 Results

 Patient and General ICP Monitoring 
Characteristics

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

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

 Neuromonitoring Parameters and Cerebral 
Autoregulation

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

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

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

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

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

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

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

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

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

 Discussion

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

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

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

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

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

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

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

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

Fig. 5 Bland-Altman analysis of ICP_probe vs. ICP_evd under closed 
EVD. Limits of agreement for 15 min mean values of ICP ranged 
between 4.6 and −9.0 mmHg
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a well-known source of signal artifact. From the presented 
data in this specific setup, PRx_probe seems to be the pre-
ferred method for reliable continuous assessment of cerebral 
autoregulation.

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

 Conclusion

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

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

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

Conflicts of interest statement We declare that we have no conflict 
of interest.
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Abstract Objective: We investigated the effect of cerebro-
spinal fluid (CSF) drainage on the intracranial pressure (ICP) 
signal measured in the parenchyma and the ventricle as well 
as the effect on the pressure reactivity index (PRx) calculated 
from both signals.

Methods: Ten patients were included in this prospective 
study. All patients received a parenchymal ICP sensor and an 
external ventricular drain (EVD) for CSF drainage. ICP sig-
nals (ICP-p and ICP-evd) were captured. Part of the study 
was a period of 90 min during which the patient was free 
from any manipulation, consisting of 30 min of drainage 
(O1), 30 min EVD closed (C) and 30 min of drainage (O2).

Results: Mean ICP-evd and mean AMP-evd increased 
(3.03 and 0.46 mmHg) from O1 to C and decreased (2.12 
and 0.43 mmHg) from C to O2. ICP-p and AMP-p changes 
were less pronounced (closing EVD: +0.81 mmHg/+0.22 
mmHg; opening EVD: −0.22 mmHg/−0.05 mmHg). Mean 
difference between PRx-evd and PRx-p was 0.12 for O1, 
0.02 for C and −0.02 for O2. The intraclass correlation coef-
ficient for absolute agreement of single measures was 0.66 
for O1, 0.77 for C and 0.69 for O2. Mean PRx differences 
demonstrated a significant difference between O1 versus C 
and O1 versus O2 but not between C versus O2.

Conclusion: Drainage of CSF reduces ICP magnitude 
and amplitude through the EVD. This effect was only mar-
ginal in parenchymal ICP measurements. In manipulation-
free circumstances, agreement of PRx obtained through 
parenchymal and ventricular measurements was moderate to 
good, depending on the statistical method, and was not nec-
essarily influenced by drainage.

Keywords Intracranial pressure · Autoregulation · External 
ventricular drain · Cerebrospinal fluid drainage

 Introduction

Intracranial pressure (ICP) is an important parameter in neu-
rointensive care medicine due to the ability to diagnose and 
treat raised ICP [1]. Raised ICP is associated with poor clini-
cal outcomes [2]. Measurement of ICP allows for the deter-
mination and therapeutic adjustment of cerebral perfusion 
pressure (CPP) [3]. Furthermore, ICP can be used to assess 
cerebrovascular autoregulation by calculation of cerebral 
pressure reactivity. The pressure reactivity index (PRx) is 
considered to be a measure of continuous autoregulation by 
quantifying the relationship between slow fluctuations in 
mean arterial blood pressure (ABP) and ICP [4]. High PRx 
values have been shown to be a predictor of poor clinical 
outcome [4, 5]. Continuous determination of the state of 
autoregulation can potentially be used to direct CPP-oriented 
therapy by calculation of the optimal CPP at a given point in 
time [6]. The correct measurement of ICP is thus essential 
for the guidance of therapy. ICP can be measured using vari-
ous methods. The gold standard for ICP measurement 
involves the placement of an external ventricular drain 
(EVD) and measurement of intraventricular pressure using a 
fluid-filled pressure transducer. Measurement of ICP using 
an EVD is potentially vulnerable to external artefacts con-
founding the signal such as patient positioning, tracheal suc-
tioning and drainage of cerebrospinal fluid (CSF). Drainage 
of CSF may attenuate ICP signals by decreasing the pressure 
gradient in the EVD. Alternatively, ICP measured using a 
parenchymal probe is less sensitive to artefacts. In patients 
diagnosed with a subarachnoid haemorrhage, it was recently 
shown that an open EVD system could be used to calculate 
dynamic autoregulation indices owing to preserved slow 
fluctuations in ICP signals [7]. The aim of the present study 
is to investigate the effect of CSF drainage on ICP signals 
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measured in the parenchyma and the ventricle as well as the 
influence on PRx calculated from both signals.

 Materials and Methods

 Patients and Management

Ten patients with severe traumatic brain injury admitted to 
the Department of Neurosurgery between December 2014 
and March 2015 were included. The study was approved by 
the local ethics committee. At University Hospitals Leuven, 
the protocol for the management of severe traumatic brain 
injury includes the placement of both a microstrain gauge 
transducer (Codman ICP MicroSensor; Codman & Shurtleff, 
Inc., Raynham, MA) for parenchymal ICP monitoring and 
an EVD for the drainage of CSF as a treatment for raised 
ICP. The parenchymal probe was inserted ipsilaterally in 
proximity to the EVD using the same burr hole.

 Data Collection

All patients underwent monitoring of ABP and ICP signals 
from both parenchymal (ICP-p) and ventricular recordings 
(ICP-evd). Waveform data were captured continuously with 
ICM+ software (Cambridge Enterprise, University of 
Cambridge, Cambridge, UK) at a frequency of 60 Hz. ABP 
was monitored from the radial artery using a fluid-coupled 
pressure transducer placed at the level of the heart. The fluid-
filled pressure transducer from the EVD was placed at the 
level of the external auditory meatus to record ICP. The most 
proximal part of the EVD was used for ICP recording.

 Study Protocol

Data for analysis were recorded during critical care admis-
sion. Part of the study protocol was a period of 90 min during 
which the patient was free from any manipulation. The 
manipulation-free period intended to minimise confounding 
of data by external artefacts such as patient positioning or 
tracheal suctioning, for example. During that period of 
90 min, a study collaborator was present to confirm no 
manipulations occurred. If urgent manipulation was neces-
sary, the data were excluded for this part of the study. The 
correct position of ABP and EVD pressure transducers, as 
well as fluid-transducer patency, was verified before the start 
of the manipulation-free period (MFP). During the MFP, the 

EVD was opened for drainage of CSF during the first 30 min 
(O1), followed by 30 min of closure of the EVD for drainage 
(C), and finally opening of the EVD for drainage for 30 min 
(O2). The MFP was performed once per patient.

 Calculation of PRx, AMP and RAP

The PRx was calculated as moving Pearson correlation coef-
ficients, using 300 s time windows, between 10 s averages of 
ABP and ICP signals (separate calculations using ICP-p and 
ICP-evd). ICP pulse amplitude (AMP) was calculated using a 
fast Fourier transform to convert the signals into the frequency 
domain and to extract the fundamental first harmonic from 
consecutive 10 s time windows. The RAP index (correlation 
coefficient [R] between AMP [A] and mean ICP [P]), was cal-
culated as a moving Pearson correlation coefficient between 
mean ICP and AMP from a 5 min window, updated every 60 s.

 Statistical Analysis

Statistical analysis was performed using the statistical soft-
ware SPSS 20 (IBM/SPSS, Inc., Armonk, NY, USA). 
Normality of data was assessed using a Shapiro-Wilk statis-
tic, and, if necessary, logarithmic transformation was applied.

 Results

 Patients

All patients were sedated and ventilated during data gather-
ing. The MFP was performed on days 1–14 after trauma with 
a median of 3.5 days. The mean age was 51.9 (standard devi-
ation (SD) = 19.2). Two patients were female and eight were 
male.

 ICP, AMP and RAP During EVD  
Drainage States

Mean ICP-evd and ICP-p increased with 3.03 mmHg 
(SD = 5.9, p < 0.001) and 0.81 mmHg (SD = 1.68, p < 0.001) 
respectively from O1 to C. Reopening of the EVD resulted in 
a mean ICP-evd and ICP-p decrease of 2.12 mmHg 
(SD = 6.23, p < 0.001) and 0.22 mmHg (SD = 1.71, p = 0.023) 
respectively.
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Mean ICP amplitude AMP-evd increased by 0.46 
(SD = 0.61, p < 0.001) and decreased by 0.43 (SD = 0.75, 
p < 0.001) during the transition from O1 to C and C to O2 
respectively. AMP-p increased by 0.22 (SD = 0.38, p < 0.001) 
and decreased by 0.05 (SD = 0.43, p = 0.059) during closing 
and opening of the EVD.

Mean RAP-evd increased by 0.03 (SD = 0.46, p = 0.243) 
and decreased by 0.13 (SD = 0.66, p = 0.001). RAP-p 
decreased by 0.06 (SD = 0.26, p < 0.001) and increased by 
0.04 (SD = 0.25, p = 0.005) (Table 1).

 Difference in PRx Between Parenchymal 
and Ventricular Signals

Mean PRx-evd increased by 0.13 from O1 to C and 
decreased by 0.09 from C to O2, and both changes were 
significant (p < 0.005). Mean PRx-p increased by 0.02 
(p = 0.38) from O1 to C and decreased by 0.12 from C to O2 
(p < 0.005) (Table 2). The mean difference between PRx-
evd and PRx-p was 0.12 (SD = 0.30) for O1, 0.02 (SD = 0.27) 
for C and −0.02 (SD = 0.27) for O2 (Table 3). The coeffi-
cient of repeatability below which the absolute differences 
between two measurements would lie with 95% probability 
was 0.60 for O1, 0.52 for C and 0.53 for O2. The intraclass 
correlation coefficient for absolute agreement of single 
measures using a two-way random model was 0.66 (CI 
0.54–0.75) for O1, 0.77 (CI 0.72–0.81) for C and 0.69 (CI 
0.63–0.75) for O2.

Repeated-measures ANOVA determined that the mean 
difference in PRx calculation between parenchymal and 
ventricular signals differed significantly between different 
EVD drainage states (F(2614) = 22.15, p < 0.0005). Post 
hoc tests for mean PRx differences between EVD drainage 
states using Bonferroni correction demonstrated a signifi-
cant difference between O1 versus C (p < 0.0005) and O1 
versus O2 (p < 0.0005) but not between C versus O2 
(p = 0.35).

 Discussion

This study demonstrates that the calculation of the PRx using 
an open and closed ventricular drainage system is in moder-
ate to good agreement with parenchymal-derived calcula-
tions in a manipulation-free setting.

 ICP

The drainage of CSF significantly reduced the magnitude 
and amplitude of the ICP signal measured through the 
EVD. However, this effect on ICP was limited in parenchy-
mal measurements. Changes in ICP magnitude and ampli-
tude are in agreement with the results of a recent study in 
patients with subarachnoid haemorrhage [7].

 PRx

Opening of the EVD system did not necessarily increase the 
difference in PRx between ventricular and parenchymal cal-
culations. Agreement between both PRx calculations was 
slightly better with a closed EVD system. One patient in this 
study showed a large mean difference in PRx calculation 

Table 1 Mean ICP and ICP-derived values during EVD drainage 
states

Variable Open 1 (O1) Closed (C) Open 2 (O2)

ICP-evd 9.09 (3.00) 12.12 (6.58)* 10.00 (3.56)

ICP-p 8.45 (6.52) 9.26 (6.85)* 9.02 (6.80)

AMP-evd 1.11 (1.10) 1.57 (1.36)* 1.14 (1.14)

AMP-p 1.58 (0.98) 1.81 (1.26) 1.76 (1.06)

RAP-evd 0.51 (0.42) 0.54 (0.45) 0.41 (0.49)

RAP-p 0.66 (0.34) 0.60 (0.37)* 0.64 (0.37)

Values gives as mean (SD); *significant difference defined as p < 0.05 
between both O1 and O2 versus C

Table 2 Mean PRx values during EVD drainage states

Variables Open 1 (O1) Closed (C) Open 2 (O2)

PRx-evd −0.12 (0.34) 0.01 (0.41)* −0.08 (0.35)*

PRx-p 0.00 (0.44) 0.02 (0.38) −0.10 (0.35)*

Values gives as mean (SD); *significant difference defined as p < 0.05 
between current and previous EVD state

Table 3 Differences and agreement between parenchymal and 
 ventricular signal–derived PRx calculations

PRx Open 1 
(O1)

Closed (C) Open 2 (O2)

Mean difference (SD) 0.12 (0.30) 0.02 (0.27) −0.02 (0.27)

Coefficient of 
repeatability 
(lower–upper limit 
of agreement)

0.60 (−0.48 
to 0.72)

0.52 (−0.51 
to 0.54)

0.53 (−0.55 to 
0.52)

Intraclass correlation 
coefficient (two-way 
random model, 
absolute agreement)

  Single measures 
(95% CI)

0.66 
(0.54–0.75)

0.77 
(0.72–0.81)

0.69 
(0.63–0.75)

  Average measures 
(95% CI)

0.80 
(0.70–0.86)

0.87 
(0.84–0.90)

0.82 
(0.77–0.86)

Comparison of Intracranial Pressure and Pressure Reactivity Index Obtained Through Pressure Measurements in the Ventricle
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during the first open EVD period, but this difference nor-
malised during the second open EVD period (Fig. 1). 
Absolute mean differences between both PRx calculation 
methods were within clinically acceptable limits for most 
patients. If the results of this current manipulation-free study 
are confirmed in a regular clinical setting with manipula-
tions, the concept of autoregulation monitoring could poten-
tially be used in all patients requiring an EVD. The 
fundamental question whether parenchymal and ventricular 
ICP signals contain the same information regarding the state 
of autoregulation remains unresolved.

An important limitation of this study is the small group of 
10 patients and the lack of manipulations, which could com-
promise generalisability. These results need to be confirmed 
in a regular clinical setting which includes patient manipula-
tions to assess for possible confounding effects.

 Conclusion

Drainage of CSF reduces both the ICP magnitude and ampli-
tude. This effect is pronounced in measurements through the 
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Fig. 1 Mean difference in PRx calculations using parenchymal and 
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EVD and marginal in parenchymal ICP measurements. In 
the manipulation-free circumstances of the present study, 
agreement of PRx obtained through parenchymal and ven-
tricular measurements was moderate to good depending on 
the statistical method used, and this was not necessarily 
influenced by drainage.
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Abstract Objective: The aim of this study is to assess 
visually the impact of duration and intensity of cerebrovas-
cular autoregulation insults on 6-month neurological out-
come in severe traumatic brain injury.

Material and methods: Retrospective analysis of pro-
spectively collected minute- by- minute intracranial pressure 
(ICP) and mean arterial blood pressure data of 259 adult and 
99 paediatric traumatic brain injury (TBI) patients from mul-
tiple European centres. The relationship of the 6-month 
Glasgow Outcome Scale with cerebrovascular autoregula-
tion insults (defined as the low-frequency autoregulation 
index above a certain threshold during a certain time) was 
visualized in a colour-coded plot. The analysis was per-
formed separately for autoregulation insults occurring with 
cerebral perfusion pressure (CPP) below 50 mmHg, with 

ICP above 25 mmHg and for the subset of adult patients that 
did not undergo decompressive craniectomy.

Results: The colour-coded plots showed a time-intensity- 
dependent association with outcome for cerebrovascular 
autoregulation insults in adult and paediatric TBI patients. 
Insults with a low-frequency autoregulation index above 0.2 
were associated with worse outcomes and below −0.6 with 
better outcomes, with and approximately exponentially 
decreasing transition curve between the two intensity thresh-
olds. All insults were associated with worse outcomes when 
CPP was below 50 mmHg or ICP was above 25 mmHg.

Conclusions: The colour-coded plots indicate that cere-
brovascular autoregulation is disturbed in a dynamic manner, 
such that duration and intensity play a role in the determina-
tion of a zone associated with better neurological outcome.

Visualizing Cerebrovascular Autoregulation Insults  
and Their Association with Outcome in Adult and Paediatric 
Traumatic Brain Injury

Marine Flechet, Geert Meyfroidt, Ian Piper, Giuseppe Citerio, Iain Chambers, Patricia A. Jones, Tsz-Yan Milly Lo, 
Per Enblad, Pelle Nilsson, Bart Feyen, Philippe Jorens, Andrew Maas, Martin U. Schuhmann, Rob Donald, Laura Moss, 
Greet Van den Berghe, Bart Depreitere, and Fabian Güiza

M. Flechet • G. Meyfroidt • G.V. den Berghe • F. Güiza (*) 
Department of Intensive Care Medicine, University Hospitals 
Leuven, Leuven, Belgium 

Klinik für Neurochirurgie, Universitätsklinikum Tübingen, 
Tübingen, Germany 

School of Mathematics and Statistics, University of Glasgow, 
Glasgow, UK 

Department of Clinical Physics and Bioengineering, NHS Greater 
Glasgow & Clyde, Glasgow, UK 

Department of Neurosurgery, University Hospitals Leuven, 
Leuven, Belgium
e-mail: fabian.guiza@kuleuven.be 

I. Piper 
Department of Clinical Physics, Southern General Hospital, 
Glasgow, UK 

G. Citerio 
San Gerardo Hospital, Monza, Italy 

I. Chambers 
Medical Physics, James Cook University Hospital, 
Middlesbroughnza, UK 

P.A. Jones 
Department of Paediatric Neurology, Royal Hospital for Sick 
Children, Edinburgh, UK 

T.-Y. M. Lo 
Department of Paediatric Intensive Care, Royal Hospital for Sick 
Children, Edinburgh, UK 

P. Enblad • P. Nilsson 
Neurosurgery, Department of Neuroscience, Uppsala University, 
Uppsala, Sweden 

B. Feyen • A. Maas 
Department of Neurosurgery, Antwerp University Hospital, 
Edegem, Belgium 

P. Jorens 
Department of Intensive Care Medicine, Antwerp University 
Hospital, Edegem, Belgium 

M.U. Schuhmann 
Klinik für Neurochirurgie, Universitätsklinikum Tübingen, 
Tübingen, Germany 

R. Donald 
School of Mathematics and Statistics, University of Glasgow, 
Glasgow, UK 

L. Moss 
Department of Clinical Physics and Bioengineering, NHS Greater 
Glasgow & Clyde, Glasgow, UK 

B. Depreitere 
Department of Neurosurgery, University Hospitals Leuven, 
Leuven, Belgium

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-65798-1_57&domain=pdf
mailto:fabian.guiza@kuleuven.be


292

Keywords Traumatic brain injury · Cerebrovascular auto-
regulation · Autoregulation index · Visualization · Adults · 
Children

Introduction

Traumatic brain injury (TBI) is one of the most important 
health care problems worldwide [1, 2]. The management of 
severe TBI is primarily aimed at avoiding secondary brain 
damage, which mainly manifests as brain ischemia.

Cerebrovascular pressure autoregulation (CAR) is the 
capacity of the cerebral vasculature to maintain a constant 
cerebral blood flow (CBF) through varying cerebral perfusion 
pressure (CPP). It is well known that autoregulation is often 
deficient in severe TBI [3], although the degree and range of 
this dysfunction can vary among patients, and in time within 
the same patient [4]. Figaji et al. [5] have demonstrated the 
validity of the autoregulation concept in children with TBI.

Continuous monitoring of cerebrovascular autoregulation 
through parameters such as the Pressure Reactivity Index 
(PRx) [6] or Low frequency Autoregulation Index (LAx) [7] 
has enabled the identification of CPP ranges in which auto-
regulation is more active. In retrospective analyses, higher 
percentages of time of actual CPP contained within these 
ranges were associated with better outcomes [7–9].

PRx and LAx can be used to continuously identify epi-
sodes of potentially impaired CAR in TBI patients. A cut-
off value for each index differentiates between episodes of 
active and disturbed autoregulation [10, 11]. However, as 
was demonstrated for intracranial pressure (ICP) [11], it is 
unlikely that a static threshold would capture the complexity 
of the association between autoregulation and outcome.

The aim of the present study is to assess the effect of CAR 
insults, according to varying definitions of intensity and 
duration, on functional outcome at 6 months based on pro-
spectively collected data from continuously monitored adult 
and paediatric patients with severe TBI. In addition, the 
impact of ICP, CPP and decompressive craniectomy (DC) on 
the capacity to tolerate CAR insults is investigated.

 Materials and Methods

 Patients and Data

The adult cohort consisted of 259 patients with severe TBI 
aged 16 years and older: 164 patients were included from the 
Brain-IT database [12], which collected data from 22 centres 
between March 2003 and July 2005. The Multi-Centre 
Research Ethics Committee for Scotland (MREC/02/0/9) 

granted the use of these data for scientific purposes on 14 
February 2002. The data of the remaining 95 adult patients 
were collected from four centres: 38 from the San Gerardo 
Hospital in Monza, Italy, between March 2010 and April 
2013; 25 from the University Hospitals Leuven, Belgium, 
between September 2010 and September 2013; 20 from the 
University Hospital Antwerp, Belgium, as part of the 
‘Individualized targeted monitoring in neurocritical care’ 
(NEMO) project [13], between May 2010 and June 2013; 
and 12 from the University Hospital Tübingen, Germany, 
between February and December 2009. Local ethics com-
mittee approval to use the anonymized data for this analysis 
was obtained at all centres.

The paediatric cohort consisted of 99 TBI patients, aged 
between 2 and 16 years: 81 patients were part of a study on 
TBI in children, recruited during 62 non-consecutive months 
up to July 2003, from two paediatric centres in Edinburgh 
and Newcastle, UK [14]. The study had local ethics commit-
tee and management approval at both centres, and informed 
consent was obtained before enrolment. The remaining 18 
paediatric patients were part of the Brain-IT database.

Patients were managed according to Brain Trauma 
Foundation guidelines. Data collection included baseline risk 
factors (age, gender, admission Glasgow Coma Scale (GCS), 
admission pupil reactivity), minute-by-minute ICP and mean 
arterial blood pressure (MAP) monitoring data, and Glasgow 
Outcome Score (GOS) at 6 months. For the paediatric patients, 
a modified GOS was used, as described in the original paper 
[14]. Monitoring data in the NEMO database were recorded 
and stored every second; the median value of each minute 
interval was taken to obtain a minute-by-minute value. Signals 
from all data sets were reviewed independently by two senior 
clinicians in Leuven (GM, BD), and obvious artefacts at visual 
inspection were removed. A correction of the CPP values for 
arterial blood pressure transducer height was made based on 
the information obtained on the centre-specific protocol. For 
patients from centres where the transducer was at the atrium 
level and who were nursed with the head of the bed elevated at 
30°, 10 mmHg was subtracted from the registered CPP. This 
was the case in 101 of 259 (39.0%) of the adult patients. No 
corrections were made in the paediatric cohort.

 Visualization Method

The method for visualizing the univariate association 
between insult and outcome used to assess the pressure and 
time burden of intracranial hypertension in Güiza et al. [11] 
was applied in the current analysis to investigate the relation-
ship between CAR and outcome. A LAx value was calcu-
lated every minute during the monitoring period as the 
moving median of the Pearson correlation coefficients 
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between ICP and MAP for the past time intervals of 3, 5, 10, 
20, 30, 60 and 90 min, using minute-by-minute resolution 
data [7]. CAR insults were defined as a LAx value exceeding 
a certain intensity for a certain duration of time. Finally, the 
Pearson correlation coefficient between GOS and the aver-
age number of CAR insults (of a certain intensity and dura-
tion) was calculated where supported data were available and 
was expressed by a graded colour code: negative correlations 
in red and positive correlations in blue. The contour for zero 
correlation was highlighted in black and defined as the ‘tran-
sition curve’ as in the original study.

The relationship between CAR insults and outcome was 
visualized separately for insults for which CPP < 50 mmHg, 
those for which ICP > 25 mmHg and for the subset of adult 
patients that did not undergo DC (n = 214).

All analyses were done in MATLAB 2014b® (The 
MathWorks, Natick, MA, USA).

 Results

Demographic and outcome data of the studied cohorts are 
presented in Table 1.

The colour-coded plots visualizing the correlations 
between GOS at 6 months and the average number of differ-
ent types of CAR insults are shown in Fig. 1a–c. In each plot, 
two clear overall regions emerge: one with negative correla-
tions (blue), indicating types of CAR insults that occur more 
frequently in patients with higher GOS, and one with posi-
tive correlations (red), indicating types of CAR insults that 
occur more frequently in patients with lower GOS. The tran-
sition curves between the two zones are approximately expo-
nential in all cohorts: for higher insult intensities, the 
transition occurs at shorter insult durations, and, conversely, 
for lower insult intensities the transition occurs at longer 
insult durations. In all cases, regardless of duration, CAR 
insults of LAx above 0.2 were associated with worse out-
comes and below −0.6 with better outcomes. Figure 1d 
shows the overlaid transition curves for adults, adults with-
out decompressive craniectomy and children; insults of LAx 
above 0 could be tolerated for 13, 19 and 35 min. The plots 
for insults where CPP < 50 mmHg or for ICP > 25 mmHg 
were uniformly associated with worse outcomes (coloured 
red) for all studied cohorts (data not shown).

 Discussion

In this study, the univariate relationship between 6-month 
neurological outcome and CAR insults is summarized in 
colour-coded plots. These plots do not represent the 

 cumulative time/pressure dose per patient, but per type of 
insult, characterized by duration and intensity. The main 
finding is the emergence of regions of positive and negative 
association between CAR insults and outcome that were 
separated by transition curves, which had an exponential 
course similar to that seen in [11] for ICP. The higher the 
LAx, the shorter the time this insult type could be tolerated. 
Although the association appears stronger for the case of 
adults without decompressive craniectomy, remarkably the 
transition curves for the three studied cohorts lie very close 
together, hinting at the universal applicability of the CAR 

Table 1 Demographic and outcome data

Adult 
cohort

Adult 
cohort 
without 
DC

Paediatric 
cohort

Number of  
patients (n)

259 214 99

LOS days, median 
(IQR)

15 
(7–24·25)

14 (7–23) 4 (2–6·75)

Age, median (IQR) 42 (26–58) 42 (26–58) 11·4 
(7.9–14.88)

Gender (%male) 79.9 80.4 74.7

Pupil reactivity

  None (%) 12.7 11.2 7.1

  One (%) 11.2 11.2 11.1

  Two (%) 70.7 71.5 74.7

Unknown, untestable 
or missing (%)

5.4 6.1 7.1

GCS total, median 
(IQR)

7 (4–10) 7 (4–10) 7 (5–8)

Unknown, untestable 
or missing (%)

6 × 6 6 × 1 1 × 0

GCS motor, median 
(IQR)

4 (1–5) 4 (1 × 5–5) 4 (2–5)

Unknown, untestable 
or missing (%)

4 × 3 2 × 8 0 × 0

Decompressive 
craniectomy (%)

17 × 4 0 × 0 Unknown

GOS at 6 months, 
median (IQR)

4 (3–5) 4 (3–5) 4 (4–5)

GOS 1 = death  
(n; %)

46; 17 × 8 36; 16 × 8 12; 12 × 1

GOS 2 = vegetative 
(n; %)

10; 3 × 9 7; 3 × 3 0; 0 × 0

GOS 3 = severe 
disability (n; %)

70; 27 58; 27 × 1 7; 7 × 1

GOS 4 = moderate 
disability (n; %)

49; 18 × 9 44; 20 × 6 39; 39 × 4

GOS 5 = low 
disability (n; %)

84; 32 × 4 69; 32 × 2 41; 41 × 4

IQR = 25–75th percentile

Visualizing Cerebrovascular Autoregulation Insults and Their Association with Outcome in Adult and Paediatric Traumatic Brain Injury
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insult concept, regardless of age. Insults when CPP <50 or 
ICP > 25 mmHg were associated with poor outcome regard-
less of CAR status, which mirrors the findings of Güiza 
et al. [11].

This study supports previous work reporting on the 
dynamic aspect of autoregulation impairment in TBI [4, 6]. 
Furthermore, together with a previous analysis on ICP insults 
[11], the current study further advocates the need to bring 
patients to a state of functional autoregulation in adult and 
paediatric TBI management.

This study has the following limitations. First, the sample 
size remains relatively small, noticeably so for the paediatric 
cohort, where the lack of data likely precluded the generation 
of a smoother transition curve. Second, because the data were 
available in minute-by-minute resolution, only LAx could be 

studied to define CAR insults. Third, the data incorporate 
therapeutic influences, which cannot be removed. Fourth, 
artefacts in the monitoring data were manually removed by 
two clinical experts, and we cannot exclude that some arte-
facts went unnoticed. Lastly, we cannot exclude an influence 
on results from confounders that were not analysed.

 Conclusions

Following TBI, CAR is disturbed in a dynamic manner, such 
that duration and intensity play a role in the determination of 
a safe CAR zone. Insults of impaired CAR can only be 
 sustained provided that they are of short duration. Hence, 
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Fig. 1 Visualization of correlation between GOS and average number 
of CAR insults per GOS category: (a) adults (n = 259) (b) adults with-
out decompressive craniectomy (n = 214) (c) children (n = 99). Each 
colour-coded point in the plot refers to a number of CAR insults, 
defined by a LAx intensity threshold (X-axis) and a duration threshold 
(Y-axis). The univariate correlation of each CAR insult (characterized 
by LAx intensity and duration thresholds) with outcome is colour- 

coded according to the scale ranging from −1 to 1. Negative numbers 
indicate CAR insults associated with worse outcomes (lower GOS cat-
egories); positive numbers indicate CAR insults associated with better 
outcomes (higher GOS categories). The contour of zero correlation is 
highlighted in black and is called the transition curve. (d) Overlaid tran-
sition curves for adults, adults without decompressive craniectomy and 
children respectively from left to right
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episodes of disturbed CAR should be considered as brain-
endangering secondary insults in their own right, regardless 
of ICP and CPP. The current findings need to be validated 
with other CAR indexes, and the relative weight of ICP and 
CAR insults needs to be further explored.
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Abstract Objective: Following brain injury, unstable cere-
bral hemodynamics can be characterized by abnormal rises 
in intracranial pressure (ICP). This behavior has been quanti-
fied by the RAP index: the correlation (R) between ICP pulse 
amplitude (A) and mean (P). While RAP could be a valuable 
indicator of autoregulatory processes, its prognostic ability is 
not well established and its validity has been questioned due 
to potential errors in measurement. Here, we test (1) whether 
RAP is a consistent measure of intracranial hemodynamics 
and (2) whether RAP has prognostic value in predicting 
hemodynamic instability following brain injury.

Materials and Methods: RAP was tested in seven brain 
injured patients treated in a surgical intensive care unit. A sam-
ple of ICP data was randomly chosen and segmented into 1 hour 
periods. Hours were then categorized as either stable, which 
contained no sharp rises in ICP, or unstable, which contained ≥1 
sharp rise—where a sharp rise is defined as ICP exceeding a 
mean slope of 0.15 mmHg/s. Equal numbers of stable and 
unstable segments were then selected for each patient. RAP was 
calculated as the Pearson’s correlation coefficient between ICP 
pulse amplitude (AMP) and mean (mICP), determined in 6 sec-
ond windows, according to established methods.

Results: Results showed that (1) average AMP and ICP 
levels were similar between stable and unstable periods and 
(2) unstable periods were identified by RAP values exceed-
ing 0.6 with an average positive predictive value of 74%.

Conclusions: We conclude that RAP can provide a valid 
measure of ICP dynamics, is not affected by sensor drift, and 
can better distinguish periods of instability than ICP or AMP 
alone.

Keywords Intracranial pressure (ICP) · Compensatory 
reserve · Pressure-volume relationship · Cerebral 
hemodynamics · Autoregulation · Brain injury · Pulsatility

 Introduction

Ensuring adequate cerebral blood flow following brain injury 
involves a delicate balance between cerebral perfusion pres-
sure (CPP) and safely low intracranial pressure (ICP) to pre-
vent secondary brain injury. ICP is considered the more critical 
parameter because its elevation can quickly trigger a cycle of 
brain swelling, reduced cerebral blood flow, and ischemic tis-
sue damage which can affect outcome after brain injury [1, 2]. 
Swelling-induced damage may be understood in terms of the 
Monro-Kellie doctrine [3, 4] which formalizes the concept that 
cranial volume consists of three compartments—brain tissue 
(parenchyma), cerebrospinal fluid (CSF), and intracranial 
blood—where

 
V V V VCranium Parenchyma CSF Blood= + + .  

Following brain injury, influxes from CSF or blood 
volume can sharply increase ICP [5–7]. The relationship 
between ICP and volume (PV) has been variously mod-
eled as exponential [8, 9], sigmoidal [5, 10, 11], or a com-
bination of linear and exponential [12, 13], where the PV 
curve is separated into two zones by a breakpoint. While 
these models differ somewhat dynamically, they all pre-
dict the same two interrelated phenomena: (1) PV slope 
(i.e., intracranial elastance) steepens with increasing vol-
ume and (2) ICP pulse amplitude increases with rising 
mean pressure [5, 14–17]. Therefore, unstable periods are 
defined here as segments with steep rises in ICP (ICP 
slope > 0.15 mmHg/s).

The index of compensatory reserve (RAP) was formu-
lated according to PV relationships and is defined as the cor-
relation (R) between ICP pulse amplitude (A) and mean (P) 
[14]. Observations on patients have indicated that low RAP 
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values are associated with intact compensatory reserve and 
subcritical ICP while high RAP may be associated with 
poor patient outcomes [5, 10, 11, 14, 18]. However, the reli-
ability of RAP as a clinical prognosticator has been ques-
tioned because its accuracy can be degraded by spurious 
baseline drifts of ICP [19, 20].

 Materials and Methods

Continuous recordings of ICP were collected from patients 
with primary diagnosis of brain injury admitted to the surgi-
cal intensive care unit of Robert Wood Johnson University 
Hospital. Subjects for this study were retrospectively selected 
based on the following criteria: age >18 years old, diagnosis 
of traumatic brain injury (TBI), cerebrovascular accident 
(CVA), or subarachnoid hemorrhage (SAH), >18 hours of 
ICP recordings, and outcome to rehab. The study was 
approved by the Rutgers IRB, and all data were de-identified 
to eliminate risks of unauthorized disclosure of personal 
identifiers in accordance with Health Insurance Portability 
and Accountability Act guidelines. Informed, written con-
sent was obtained from family members to obtain demo-
graphic information.

ICP was monitored with intraparenchymal microtrans-
ducers (Camino Direct Pressure Monitor-2, Camino 
Laboratories, San Diego, CA) and sampled at 50 Hz as 
previously described [21]. Following removal of artifacts, 
an event finder was used to separate data into two catego-
ries of 1 hour periods: stable, which contained no sharp 
rises in ICP, or unstable, which contained ≥1 such events. 
The event finder marked times when the slope of the fil-
tered ICP record exceeded a 0.15 mmHg/s threshold. RAP, 
consisting of the Pearson’s correlation coefficient between 
ICP pulse amplitude (AMP) and mean (mICP), was com-
puted for every 40 values (240 s) of AMP and mICP using 
a first-in, first-out method.

Cumulative distributions of AMP, mICP, and RAP 
were used to compare stable and unstable periods for all 
patients. Additionally, the Mann–Whitney U (a.k.a. 
Wilcoxon rank sum) and the paired t-test were applied to 
find differences between stable and unstable RAP data. 
These tests were repeated on downsampled data to remove 
bias due to oversampling. Furthermore, the positive and 
negative predictive values (PPV and NPV), sensitivity, 
and specificity were calculated for an arbitrary RAP 
threshold of 0.6.

 Results

 AMP-mICP Correlation

Strong correlations between mICP and AMP were noted 
during both stable and unstable periods for all patients—
with a close temporal correspondence between mICP and 
AMP (Fig. 1). The average Pearson correlation between 
AMP and mICP for all seven patients was 0.62, while the 
average linear slope was 0.13.

 Stable vs. Unstable Data Distributions

While distributions of stable vs. unstable AMP and ICP 
(Fig. 2) are similar, RAP distributions differed substantially 
between the two periods (p < 0.001, t-test, Mann–Whitney 
U) even though ICP exceeded 20 mmHg in 41.3% and 45.2% 
of measurements for stable vs. unstable periods respectively. 
An arbitrary RAP threshold shows that RAP >0.6 identifies 
unstable periods with an average PPV of 74.0%, NPV of 
12.0%, sensitivity of 11.9%, and specificity of 74.1% for all 
patients. Downsampling the data by a factor of 100 did not 
substantially diminish the significant difference between 
stable and unstable RAP periods (p < 0.001).
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 Longitudinal AMP-mICP

Scatter plots of AMP vs. mICP from an exemplar patient 
(Fig. 3) show the change in the spread of data over 315 hours 
of continuous recording. Note that the early hours are charac-
terized by wider scatter compared to later hours and a similar 
trend was observed in the other six patient data. A longitudinal 
plot of hour-by-hour mICP-AMP slope for the same patient 
(Fig. 3) shows that while values were highly variable in the 
first 200 hours, slope variability lessened over time.

 Discussion

Since our study was not designed to characterize a patient 
group, find differences in patients’ clinical status, or assess 
treatment, we evaluated RAP as a predictor of hemodynamic 
instability in a small patient sample. In the seven patients 
studied, our results showed RAP to have a PPV for hemody-
namic instability of 74%. Since RAP calculation is highly 
dependent upon the recording accuracies of both AMP and 
mICP, it is important to determine the reliability of this pre-
diction. In particular, previous studies found inaccuracies in 
ICP measurements by sensors similar to the one used herein 
(Camino) due to drift [19, 20]. However, drift can be ruled 
out as a source of error in our results since (1) the significant 
differences in RAP distribution between stable and unstable 
periods could not have been caused by drift unless it differed 
systematically between those hours and (2) AMP and mICP 
corresponded closely temporally (Fig. 1), a phenomenon that 
cannot be explained by drift [22, 23].

Studies have shown that AMP and mICP become decou-
pled/uncorrelated during the nonlinear portions of a PV 
curve (either at safely low or critically high ICP) while 

showing correlation during linear portions [5]. We observed 
a similar phenomenon wherein AMP-mICP becomes pro-
gressively linear with increasing values of ICP. This sup-
ports RAP as a measure of the linearity of AMP vs. mICP 
(Pearson’s correlation coefficient) and indicator of the state 
of pressure-volume compensation [23, 24].

Our observed mean slope of AMP vs. mICP = 0.13 for all 
patients is lower than that found in most studies, but it still 
falls within the range of expected values for patients with 
good outcome [12, 13, 25, 26]. It is possible that better pre-
dictive accuracies could be established by testing a range of 
thresholds for defining instability and by stratifying unstable 
periods according to the number and magnitude of pressure 
rises occurring over the course of an hour.

 Conclusions

By providing some predictive value on future behavior of 
ICP, RAP contains more information than monitoring ICP 
levels alone. This could be clinically useful because 
hemodynamic instability and the total duration of ICP 
elevation during acute treatment are strongly associated 
with poor outcomes after TBI [27, 28]. Additionally, as 
more direct monitoring of the Monro-Kellie doctrine 
becomes possible, RAP could become useful in guiding 
acute interventions such as a closed-loop ventricular 
drainage protocol [3].
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Abstract Objective: To determine whether acute sports- 
related concussion (SRC) exerts differential effects on cere-
bral autoregulatory properties during systole versus 
diastole.

Materials and methods: One hundred and thirty-six con-
tact-sport athletes tested preseason; 14 sustained a concus-
sion and completed follow-up testing at 72 hours, 2 weeks, 
and 1 month post-injury. Five minutes of repetitive squat- 
stand maneuvers induced blood pressure (BP) oscillations at 
both 0.05 and 0.10 Hz. Beat-by-beat peak-systolic and end- 
diastolic BP (sysBP/ diasBP) and middle cerebral artery 
blood velocity (sysMCAv/diasMCAv) were recorded using 
finger photoplethysmography and transcranial Doppler ultra-
sound, respectively. Relationships between sysBP-sysMCAv 
and diasBP-diasMCAv were quantified using transfer func-
tion analysis to estimate coherence (correlation), gain 
(response magnitude), and phase (response latency).

Results: Significant main effects of the cardiac cycle were 
observed across all outcome metrics. A significant main 
effect of SRC was observed for 0.10 Hz phase: systolic and 
diastolic phases were reduced at 72 h (21.8 ± 5.2%) and 2 
weeks (22.7 ± 7.1%) compared to preseason but recovered 
by 1 month. Concussion significantly impaired diastolic, but 
not systolic, gain: 0.10 Hz diastolic gain was increased 
(27.2 ± 7.7%) at 2 weeks, recovering by 1 month.

Conclusions: Impairments in autoregulatory capacity, 
observed for a transient period following SRC that persist 
beyond symptom resolution and clinical recovery, appear to 
be differentially affected across the cardiac cycle. Similar pat-
terns of impairment were observed for systolic and diastolic 
phases (response latency); however, normalized gain 
(response magnitude) impairments were identified only in 
diastole. These findings may explain the increased cerebral 
vulnerability as well as exercise-induced symptom exacerba-
tion observed post-SRC.

Keywords Sports-related concussion . Mild TBI . Cerebral 
blood flow . Cerebral autoregulation . Blood pressure . 
Autonomic dysfunction . Transfer function analysis

 Introduction

Sports-related concussion (SRC)—a mild form of traumatic 
brain injury (TBI)—is a major public health concern, with 
recent reports estimating incidences of 1.1–1.9 million inju-
ries each year in US youth alone [1]. Whereas the majority of 
patients recover clinically within 2 weeks [2], recent data 
suggest physiological recovery may take longer; for exam-
ple, recovery of cerebral blood flow (CBF) [3], myelin con-
tent [4], and cerebral metabolism [5] may take 1 month or 
more. Concussed brains are characterized by a temporal win-
dow of vulnerability to additional trauma following injury 
[5]. While it has been suggested that this may result from 
impairments in cerebral autoregulation (CA) [6], this hypoth-
esis has not been confirmed experimentally.

Myogenic, autonomic, and metabolic mechanisms are 
known to be involved in CA, which must function to protect 
the brain from high systolic pressures during surges in blood 
pressure (BP) and from hypoperfusion during BP reductions 
[6, 7]. CA function is impaired following moderate and 
severe TBI [8] and is a significant predictor of poor outcome 
following severe TBI [9]. The extent to which the dynamic 
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BP-CBF relationship is affected by SRC is unknown [6]. 
Previous reports suggested peak- systolic and end-diastolic 
components of CBF may contain valuable information on 
CA function [10].

The aim of this study was to prospectively evaluate whether 
the acute effects of SRC on indices of dynamic CA differ for 
systolic and diastolic components of the cardiac cycle.

 Materials and Methods

 Participants

Preseason testing of 136 male contact-sport athletes was 
completed; 14 were subsequently diagnosed with a concus-
sion [2] and underwent additional testing at 72 hours, 2 
weeks, and 1 month post-injury. All subjects underwent 
familiarization of testing procedures and abstained from 
exercise, caffeine, and alcohol for at least 12 hours prior to 
all testing sessions. Written informed consent, approved by 
the University of British Columbia Clinical Research Ethics 
Board, was obtained prior to participation.

 Instrumentation and Data Analysis

A three-lead electrocardiogram (ECG) was used to collect 
R-R intervals. Cerebral blood velocity in the middle cerebral 
artery (MCAv) was indexed using transcranial Doppler ultra-
sound (ST3, Spencer Technologies, Seattle, WA, USA). 
Beat-to-beat BP was recorded using finger photoplethys-
mography (Finometer PRO, Finapres Medical Systems, 
Amsterdam, The Netherlands), and partial pressure of 
expired carbon dioxide (PETCO2) was monitored using an 
online gas analyzer (ML206, AD Instruments, Colorado 
Springs, CO, USA). All data were sampled at 1000 Hz 
(PowerLab 8/30 ML880, AD Instruments) and stored for 
offline analysis using commercially available software 
(LabChart version 7.1, AD Instruments).

Participants completed repetitive squat-stand maneuvers 
for 5 min at each of two different frequencies (0.05 and 
0.10 Hz) [11]. Beat-to-beat values of systolic (sysBP) and 
diastolic blood pressure (diasBP), systolic (sysMCAv) and 
diastolic MCAv (diasMCAv), and PETCO2 were determined 
from each R-R interval. All data were processed and ana-
lyzed with custom-designed software in LabView 14 
(National Instruments, Austin, TX, USA), as outlined previ-
ously [11]. Data were analyzed in accordance with best 
practice guidelines for transfer function analysis [12] to 
determine sysBP-sysMCAv and diasBP-diasMCAv coher-
ence, phase, and normalized gain. Metrics were sampled at 

the point estimate of the driven frequency (0.05 or 0.10 Hz), 
selected to fall within the very-low-frequency (0.02–0.07 Hz) 
and low- frequency (0.07–0.20 Hz) ranges of CA. Phase 
wraparound was not present for any point estimates.

 Statistical Analyses

All statistical analyses were performed using SPSS Statistics 
for Macintosh (Version 22.0, IBM Corp., Armonk, NY). A 2 
(cardiac cycle) by 4 (time) two-way repeated-measures (RM) 
ANOVA was used to evaluate the effect of acute SRC on each 
metric at each driven frequency. When omnibus tests indicated 
significant main effects, preplanned t-tests with Bonferroni 
correction were used to evaluate specific pairwise contrasts 
(i.e., each post-injury time point relative to preseason).

 Results

Demographic characteristics, time to medical clearance to 
return to play, and resting physiological data across testing 
sessions and groups are outlined in Table 1. Representative 
traces of MAP, MCAv, and PETCO2 are shown in Fig. 1. Two- 
way RM-ANOVA indicated significant main effects of car-
diac cycle for coherence, phase, and gain (Fig. 2). At both 
driven frequencies, coherence (0.05 Hz: F1,13 = 42.989, 
p < 0.001, partial eta2 = 0.768; 0.10 Hz: F1,13 = 40.052, 
p < 0.001, partial eta2 = 0.755) and gain (0.05 Hz: 
F1,13 = 171.86, p < 0.001, partial eta2 = 0.93; 0.10 Hz: 

Table 1 Demographics, symptom profiles, and resting physiological 
parameters during each test session for acutely concussed athletes

Metric Preseason 72 H 2 Week 1 Month

Age (years) 19.0 (1.4)

BMI (kg/m2) 24.7 (1.7)

RTP (days) median = 14, range 7-35 days

No. of 
symptoms

3.7 (5.8) 11 (5.7) 3.5 (3.0) 1.3 (2.3)

Symptom 
severity

3.5 (3.4) 24.8 (20.3) 4.6 (3.4) 1.5 (2.5)

MAP (mmHg) 95.3 (14.8) 88.2 (19.2) 91.1 (18.1) 91.0 (16.6)

MCAv (cm/s) 53.8 (7.0) 52.3 (8.1) 52.7 (9.0) 53.6 (8.0)

HR (bpm) 79.4 (8.3) 80.2 (13.3) 80.0 (10.7) 79.1 (10.6)

PETCO2 (mmHg) 37.7 (3.2) 36.8 (4.0) 37.6 (4.4) 37.4 (4.7)

Data are presented as mean (SD) unless otherwise noted. BMI body 
mass index, RTP time to medical clearance to return to play, HR heart 
rate, PETCO2 end-tidal partial pressure of carbon dioxide; note that 
symptom severity scores are the sum of 22 symptoms that were ranked 
on a scale of 0–6 (0 = none, 6 = severe)
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F1,13 = 126.732, p < 0.001, partial eta2 = 0.907) were signifi-
cantly higher in diastole than in systole, while phase 
(0.05 Hz: F1,13 = 46.912, p < 0.001, partial eta2 = 0.783; 
0.10 Hz: F1,13 = 12.981, p = 0.003, partial eta2 = 0.5) was 
lower in diastole, suggesting the high-pass-filter behavior of 
the cerebrovasculature was preserved following injury. A 
main effect of time was observed for 0.10 Hz phase 
(F3,39 = 3.971, p = 0.015, partial eta2 = 0.234). Relative to 
preseason, preplanned contrasts revealed a 21.8% decrease 
in 0.10 Hz phase at 72 h post-injury (95% CI: −0.08 to −0.26 
rad, t13 = 4.209, adjusted p = 0.003) and 22.7% at 2 weeks 
(95% CI: −0.06 to −0.30 rad, t13 = 3.186, adjusted p = 0.021). 
Interaction terms between cardiac cycle and time were sig-
nificant for gain at 0.10 Hz only (F1.785,23.2 = 3.938, p = 0.038, 
partial eta2 = 0.233), with subsequent analyses of simple 

effects revealing a significant effect of time for diastolic 
gain. Relative to preseason, planned contrasts revealed a 
27.2% relative increase in diastolic gain at 2 weeks (95% CI: 
+0.185 to +0.783%/% adjusted p = 0.012), suggesting that a 
greater magnitude of diasBP was passed to the cerebrovascu-
lature following SRC.

 Discussion

SRC appears to exert differential effects on systolic versus 
diastolic regulation of the cerebral pressure-buffering system. 
Transient impairments in indices of CA were more pro-
nounced in diastole—both the latency and the magnitude of 
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Fig. 1 Representative time series for blood pressure (BP, top), middle cerebral artery blood velocity (MCAv, middle), and expired carbon dioxide 
(PCO2, bottom) during 60 s of squat-stand maneuvers performed at 0.05 Hz (left) and 0.10 Hz (right)
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the response were impaired, whereas only response latency 
was impaired during systole—and persisted for at least 2 
weeks (Fig. 2). Importantly, in many cases these impairments 
lasted beyond medical clearance time for return to full partici-
pation in contact sports but recovered 1-month post- injury. 
This highlights an important distinction between clinical and 

physiological recovery. Although the clinical relevance of 
this finding cannot be discerned from this data set, it may 
explain the increased vulnerability of the concussed brain to 
additional trauma during this period.

Impairments in transfer function analysis metrics at 
0.10 Hz only implies an alteration in autonomic regulation 
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of the cerebrovasculature [13], adding to an emerging story 
within the literature of SRC-induced autonomic dysfunc-
tion [14–16]. Increased sympathetic drive has been shown 
to effect a transient “stiffening” of peripheral vessels fol-
lowing SRC [15], which would alter responsiveness to 
changes in BP. Pharmacological studies have shown that 
partial sympathetic blockade dramatically alters the CA 
phase response at frequencies including 0.10 Hz [13, 17]. 
Phase impairments present within 3 days, with additional 
impairment in gain at 2 weeks, are in accordance with the 
suggestion that impairment of CA likely first affects the 
latency of the response before affecting the efficiency [18]. 
These results collectively demonstrate that SRC induces an 
autonomic dysregulation that affects cerebral hemodynam-
ics for at least 2 weeks post-SRC, with resolution by 1 
month (Fig. 2).

Our data suggest that the brain remains relatively more 
efficient at buffering surges in BP than reductions in BP fol-
lowing SRC. Interestingly, this pattern of impairment has 
also been observed during exercise in otherwise healthy indi-
viduals; with increased exercise intensity, gain of the dia-
stolic CA response gradually increased in the low-frequency 
range (0.07–0.20 Hz), whereas systolic CA performance 
remained intact [7]. Furthermore, compromised regulation 
of diastolic MCAv has been suggested as a precipitating fac-
tor in the onset of syncope [19]. Combined with additional 
SRC-induced CA impairments, this may explain the exercise- 
induced exacerbation of symptoms—including headache 
and dizziness—commonly observed following SRC. That 
such impairments persisted beyond symptom resolution and 
clinical recovery raises concerns about prematurely return-
ing athletes to competitive contact sports prior to recovery of 
cerebrovascular function.

To mitigate both the incidence and severity of SRC, a 
better understanding of the neurobiological underpinnings 
is needed. Although not yet ready for clinical use, assess-
ments of CA appear to be a promising approach to better 
understanding the autonomic pathophysiology underlying 
SRC. Significant impairments were detected in the latency 
and magnitude of CA responses, more pronounced in dias-
tole than in systole, for at least 2 weeks following injury, 
which recovered by 1 month. While validation is required in 
a larger number of subjects, these results imply a transient 
autonomic disruption following SRC that may outlast symp-
tom resolution and clinical recovery, encouraging the devel-
opment of further prospective investigations into the effects 
of SRC on mechanisms controlling CBF. The exploration of 
the relationships between age, sex, impact biomechanics, 
and CA function on susceptibility to injury is warranted.

Conflicts of interest statement We declare that we have no conflict 
of interest.
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Abstract Objective: In previous work we showed that high 
intracranial pressure (ICP) in the rat brain induces a transi-
tion from capillary (CAP) to pathological microvascular 
shunt (MVS) flow, resulting in brain hypoxia, edema, and 
blood-brain barrier (BBB) damage. This transition was cor-
related with a loss of cerebral blood flow (CBF) autoregula-
tion undetected by static autoregulatory curves but identified 
by induced dynamic ICP (iPRx) and cerebrovascular 
(iCVRx) reactivity. We hypothesized that loss of CBF auto-
regulation as correlated with MVS flow would be identified 
by iPRx and iCVRx in traumatic brain injury (TBI) with 
elevated ICP.

Methods: TBI was induced by lateral fluid percussion 
(LFP) using a gas-driven device in rats. Using in vivo two- 
photon laser scanning microscopy, cortical microcircula-
tion, tissue oxygenation (NADH autofluoresence), and 
BBB permeability (fluorescein dye extravasation) were 
measured before and for 4 h after TBI. Laser Doppler corti-
cal flux, rectal and brain temperature, ICP and mean arte-
rial pressure (MAP), blood gases, and electrolytes were 
monitored. Every 30 min, a transient 10 mmHg rise in 
MAP was induced by i.v. bolus of dopamine. iPRx = ΔICP/
ΔMAP and iCVRx = ΔCBF/ΔMAP.

Results: We demonstrated that iPRx and iCVRx correctly 
identified more severe loss of CBF autoregulation correlated 
with a transition of blood flow to MVS after TBI with high 
ICP compared to TBI without an increase in ICP.

Conclusions: In TBI with high ICP, high-velocity MVS 
flow is responsible for the loss of CBF autoregulation identi-
fied by iPRx and iCVRx.

Keywords Traumatic brain injury · Cerebral blood flow 
autoregulation · Microvascular shunts · Intracranial pressure ·  
Induced cerebrovascular reactivity · Induced intracranial 
pressure reactivity · Rats

 Introduction

Cerebrovascular autoregulation is the ability of the brain 
to maintain cerebral blood flow (CBF) despite changes in 
cerebral perfusion pressure (CPP), a difference between 
mean arterial pressure (MAP)and intracranial pressure 
(ICP). The critical CPP is the pressure at which CBF 
begins to fall after maximum cerebrovascular dilation has 
occurred and historically has been determined at 
~50 mmHg by decreasing arterial pressure to lower CPP 
while tracking changes in CBF [1]. However, clinically 
CPP often decreases owing to an increase in ICP as in trau-
matic brain injury (TBI).

To test that, several animal studies used increased ICP to 
decrease CPP instead of decreasing arterial pressure and 
reported a loss of autoregulation at ~30 mmHg [2–5]. The 
reason for an “apparently” better preserved autoregulation 
at a lower CPP was unclear, until we showed that in a nor-
mal rat brain, that high ICP induced a transition of capillary 
blood flow to high-velocity, nonnutritive microvascular 
shunt (MVS) flow that was associated with brain hypoxia, 
edema, and blood-brain barrier (BBB) damage [6, 7]. This 
transition was correlated with a loss of CBF autoregulation 
undetected by static autoregulatory curves but identified by 
induced dynamic ICP (iPRx) and cerebrovascular (iCVRx) 
reactivity [8]. More recently, we proved the existence of 
MVS flow in cerebral microcirculation following TBI with 
high ICP [9].

In this study we determined whether iPRx and iCVRx 
accuratelys identifys a loss of CBF autoregulation corre-
lated with the transition of blood flow to MVS after TBI 
with high ICP.

Induced Dynamic Intracranial Pressure and Cerebrovascular 
Reactivity Assessment of Cerebrovascular Autoregulation  
After Traumatic Brain Injury with High Intracranial  
Pressure in Rats
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 Materials and Methods

The animal protocol was approved by the Institutional 
Animal Care and Use Committee of the University of New 
Mexico Health Sciences Center and carried out in accor-
dance with the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals. The procedures used 
in this study are described in our earlier publications [6–9].

 Experimental Paradigm

Two groups of ten rats each were used in this study:

 1. TBI resulting in a permanent increase in ICP of 30 mmHg.
 2. TBI without an ICP increase (ICP = 10 mmHg).

We used in vivo two-photon laser scanning microscopy 
(2PLSM) through a cranial window over the pericontusion 
area of the parietal cortex to measure microvascular red 
blood cell flow velocity, visualized by serum labeled with 
tetramethylrhodamine dextran (TMR), and tissue oxygen-
ation, reflected by nicotinamide adenine dinucleotide 
(NADH) autofluorescence, for 4 h after TBI. BBB permea-
bility was measured by TMR extravasation. Doppler cortical 
flux, MAP, ICP, blood gases, electrolytes, hematocrit, pH, 
and rectal and cranial temperatures were monitored through-
out the study. Every 30 min, a transient 10 mmHg rise in 
MAP was induced by an i.v. bolus of dopamine:

 iPRx ICP MAP and iCVRx CBF MAP= ∆ ∆ = ∆ ∆/ / .

 Surgery

Acclimated Sprague–Dawley male rats (Harlan Laboratories, 
Indianapolis, IN, USA), weighing between 300 and 350 g, 
were intubated and mechanically ventilated on 2% isoflu-
rane/30% oxygen/70% nitrous oxide. Rectal and temporal 
muscle temperature probes were inserted. Femoral venous 
and arterial catheters were inserted for intravenous injec-
tions, arterial pressure monitoring, and blood sampling. A 
catheter was inserted into the cisterna magna for ICP moni-
toring and manipulation. For imaging and TBI, a craniotomy 
5 mm in diameter was made over the left parietal cortex, 
filled with 2% agarose/saline, and sealed with a cover glass. 

TBI was induced by fluid percussion injury (FPI) using a 
gas-driven device in rats resulting in (1) no ICP increase (1.5 
atmosphere of air pressure absolute (ATA), 50 ms pulse 
duration) and (2) persistent ICP increase for up to 6 h (1.5 
ATA, 150 ms pulse duration).

 Microscopy

An Olympus BX51WI upright microscope (Olympus, 
Tokyo, Japan) and a water- immersion LUMPlan FL/IR 
20×/0.50 W objective were used. Excitation (740 nm) was 
provided by a Prairie View Ultima multiphoton laser scan 
unit (Prairie Technologies, Inc., Middleton, WI, USA) pow-
ered by a Millennia Prime 10 W diode laser source pumping 
a Tsunami Ti: sapphire laser (Spectra-Physics, Mountain 
View, CA, USA). Blood plasma was labeled by i.v. tetra-
methylrhodamine isothiocyanate dextran (155 kDa) in phys-
iological saline (5% wt/vol). All microvessels in an imaging 
volume (500 × 500 × 300 μm) were scanned at each study 
point, measuring the diameter and blood flow velocity in 
each vessel (3–20 μm Ø). Tetramethylrhodamine fluores-
cence was band-pass-filtered at 560–600 nm and NADH 
autofluorescence at 425–475 nm. Imaging data processing 
and analysis were carried out using the NIH ImageJ.

 Statistical Analyses

Statistical analyses were carried out using Student’s t-test or 
the Kolmogorov–Smirnov test where appropriate. Differences 
between groups were determined using two-way analysis of 
variance (ANOVA) for multiple comparisons and post hoc 
testing using the Mann–Whitney U test. The statistical sig-
nificance level was set at P < 0.05. Data are presented as 
mean ± standard error of the mean (SEM).

 Results

As in our previous report, FPI in group I resulted in a sus-
tained increase in ICP to 30.9 ± 4.4 mmHg from the pre- 
injury level of 10.1 ± 2.7 mmHg (P < 0.01); in group II, ICP 
was not changed (10.8 ± 3.6 mmHg). Arterial pressure in 
both groups was unaltered.

Table 1 Monitored cerebral variables (mean ± SEM)

Groups mCBF, mm/s MVS/CAP ratio Perfused capillaries, % NADH, % BBB, ΔF/Fo iCVRx iPRx

Baseline 0.74 ± 0.09 0.41 ± 0.07 100 100 0 −0.02 ± 0.05 −0.02 ± 0.07

TBI—I 0.53 ± 0.94** 1.41 ± 0.32** 46.9 ± 16.5*** 172.8 ± 9.6** 12.43 ± 1.02** 0.61 ± 0.03** 0.35 ± 0.02*

TBI—II 0.48 ± 0.08** 0.25 ± 0.02 72.3 ± 14.6* 154.5 ± 8.3* 9.15 ± 0.98* 0.37 ± 0.02* 0.26 ± 0.02

*P < 0.05; **P < 0.01; ***P < 0.001
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In group I, the rise in ICP was associated with an increase 
in the MVS/CAP ratio from 0.41 ± 0.07 at baseline to 
1.41 ± 0.32 at 4 h after TBI (Table 1, P < 0.01). The 
percentage of perfused capillaries decreased to 46.9 ± 16.5% 
compared to baseline (P < 0.001), and microvascular CBF 
(mCBF) fell from 0.74 ± 0.09 at baseline to 0.53 ± 0.94 
(Table 1, P < 0.05 from baseline). Impairment of microcir-
culation in group I led to tissue hypoxia, reflected by 
NADH accumulation (172.8 ± 9.6%, P < 0.01), and 
increased BBB permeability, reflected by an increase in 
perivascular tissue fluorescence (ΔF/Fo[pre-

injury] = 12.43 ± 1.02, Table 1, P < 0.01), both compared to a 
baseline.

In group II, without an ICP increase, microvascular CBF 
fell to 0.48 ± 0.08 mm/s (Table 1, P < 0.05), and the percent-
age of perfused capillaries decreased to 72.3 ± 14.6% 
(P < 0.05) compared to baseline. Tissue hypoxia and BBB 
damage were less prominent than in group I with high ICP 
(Table 1, P < 0.05 for both) with (NADH = 154.5 ± 8.3%, 
P < 0.05) and increased tissue fluorescence (ΔF/Fo[pre- 

injury] = 9.15 ± 0.98, np < 0.05) from baseline.
An evaluation of dynamic cerebrovascular reactivity in TBI 

group I with high ICP showed impaired CBF autoregulation as 
iCVRx increased to 0.61 ± 0.03 from −0.02 ± 0.05, respectively 
(P < 0.01 from baseline); in group II, iCVRx increased only to 
0.37 ± 0.02 (Table 1, P < 0.05 from baseline and group I).

Dynamic ICP reactivity also revealed higher impairment 
in group I with high ICP than in group II without ICP 

increase: iPRx values were 0.35 ± 0.02 vs. 0.26 ± 0.02, 
P < 0.02, compared to −0.02 ± 0.07 at baseline, respectively 
(Table 1, P < 0.05 for both).

 Discussion

Our results show that despite apparently similar CBF reductions 
as measured by Doppler, CBF autoregulation was more 
impaired in the TBI group with increased ICP, suggesting that 
high ICP induced a transition from capillary to MVS flow 
involved in the loss of CBF autoregulation in the injured brain. 
In fact, 2PLSM showed that capillary flow in TBI with high ICP 
was more damaged than in TBI without an ICP rise, and the 
apparently preserved CBF in group I was due to high- velocity 
nonnutritive MVS flow. Passive CBF autoregulation curves fail 
to identify the correct critical CPP threshold because they pas-
sively decrease CPP and measure the decrease in CBF based 
upon the overall average flow rate through the microvasculature 
flow compartments. In the induced dynamic method, an arterial 
transient into the cerebral microvasculature differentially 
impacts capillaries and MVS, and the response in ICP and CBF 
depends upon the degree of MVS or the MVS/CAP ratio, which 
we suggest correlates with the degree of loss of autoregulation 
as a fraction of capillary flow. As the MVS/CAP ratio increases, 
so does the proportion of tissue with loss of autoregulation, as 
reflected by the increase in iPRx and iCVRx (Fig. 1).

0

–0.1

0

0.1

0.2

iC
V

R
x

a b

iP
R

x

0.3

0.4

0.5

0.6

0.7

–0.1

0

0.1

0.2

0.3

0.4

0.5 1.51

MVS/CAP ratio MVS/CAP ratio

2 0 0.5 1.51 2

Fig. 1 Correlation between MVS/CAP flow ratio and iCVRx (a) and iPRx (b) plotted for every hour after TBI with high ICP. Open circles—base-
line; red dotted line—linear fit

Induced Dynamic Intracranial Pressure and Cerebrovascular Reactivity Assessment of Cerebrovascular Autoregulation



312

 Conclusion

Dynamic iPRx and iCVRx accurately identified impaired 
CBF autoregulation following TBI with and without an 
increase in ICP.
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Abstract Objective: In this study we aimed to predict the time 
to syncope occurrence (TSO) in patients with vasovagal syn-
cope (VVS), solely based on measurements recorded during 
the supine position of the head-up tilt (HUT) testing protocol. 

Methods: We extracted various time and frequency domain 
features related to morphological aspects of arterial blood 
pressure (ABP) and the electrocardiogram (ECG) raw signals 
as well as to dynamic interactions between beat-to- beat ABP, 
heart rate, and cerebral blood flow velocity. From these we 
identified the most predictive features related to TSO. 

Results: Specifically, when no orthostatic stress is 
involved, TSO in VVS patients can be predicted with high 
accuracy from a set of only five ECG features.

Keywords Vasovagal syncope · Head-up tilt · Random for-
est · Feature selection

 Introduction

Head-up tilt (HUT) testing [1] is a common diagnostic tool in 
the workup of vasovagal syncope (VVS). The procedure ini-
tially involves the patient lying supine on a tilt table and then 
being gradually tilted to an angle between 60° and 80°. 
Physiological signals like arterial blood pressure (ABP), elec-
trocardiogram (ECG), and cerebral blood flow velocity (CBFV) 
are monitored throughout the protocol. At some point during 
HUT, VVS may be induced if the patient is susceptible at that 

time. On other occasions VVS patients may not faint during 
HUT. The VVS response is poorly understood, in particular 
those processes that convert a seemingly normal response to 
orthostatic stress [2] to one where ABP and heart rate (HR) 
decline abruptly, reducing cerebral perfusion and causing tran-
sient loss of consciousness. This study represents a first attempt 
to identify markers of VVS that predict the “state” of the patient 
many minutes before the actual VVS occurrence.

Recordings acquired during HUT are at present the main 
source of information in terms of understanding the mecha-
nisms underlying VVS. In the majority of VVS studies, the 
obtained signals are usually preprocessed in order to reflect 
mean hemodynamic changes that occur beat-to-beat (i.e., 
HR, R-R intervals) [3–6], omitting, however, the importance 
of the morphology of raw waveforms. For example, it has 
been shown that ABP waveforms exhibit prominent features 
that can provide crucial information about the cardiovascular 
status of a patient [7]. In [8], the authors identified a signifi-
cant difference in the aortic pressure waveform between 
VVS patients and healthy controls, whereas in [9] the authors 
were able to discriminate VVS from healthy middle-aged 
subjects using features derived from finger arterial pressure 
waves. Transthoracic impedance waveforms, which allow 
the computation of ventricular ejection variation and ECG 
features, have also been deemed predictive of positive HUT 
tests [10–12]. Physiological changes that eventually lead to 
syncope may be reflected on the dynamic interactions of a 
variety of physiological signals, suggesting that univariate 
and multivariate system identification techniques could also 
elucidate the mechanisms underlying VVS.

Based on the foregoing discussion, we analyzed record-
ings obtained from 71 VVS patients undergoing HUT and 
extracted various time and frequency domain features, as 
well as features that are related to dynamic interactions. With 
the help of machine learning techniques, we aimed to iden-
tify the most informative features and predict the time to syn-
cope occurrence (TSO). We focused only on supine position 
measurements with the hope of extracting robust baseline 
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VVS markers that would indicate the likelihood of syncope 
at a time when physiologic processes appear to be indistin-
guishable from normal.

 Methods

Seventy-one subjects undergoing HUT (10 min resting 
period in the supine position and a maximum of 40 min of 
80° tilt) in the Jewish General Hospital, Autonomic Reflex 
Laboratory, Montreal, Canada, were diagnosed as VVS 
patients. The HUT test protocols were approved by the hos-
pital internal review board, and informed consent was 
obtained from all subjects. We analyzed recordings acquired 
solely during baseline (the initial 10 min in supine position). 
Beat-to-beat HR, systolic, diastolic, and mean ABP and 
CBFV were derived off-line. Initially we focused only on the 
ABP and ECG time series. We divided the recordings into 
smaller windows and extracted various time and frequency 
domain indices that were previously used in the literature 
(e.g., mean and standard deviation of R-R intervals, root 
mean square of successive differences, power and coefficient 
of variation in different frequency bands, geometrical indi-
ces). We also computed morphological characteristics of the 
raw waveforms (e.g., area under curve, pulse root mean 
square error, full width at half maximum, wavelet coeffi-
cients, energy and entropy). TSO was defined as the absolute 
difference between the time point where subjects were stabi-
lized in the HUT position and the time point just before BP 
started dropping abruptly.

Dynamic interactions between ABP and HR variability 
(HRV) (reflecting autonomic nervous activity [AA] and baro-
reflex function [BF]) or ABP and CBFV (reflecting cerebral 
autoregulation [CA] and cerebrovascular resistance [CVR]) 
were modeled using both transfer function analysis (TFA) 
[13–15] and multivariate autoregressive (MVAR) models [16, 
17] (eMVAR and eGC MATLAB toolbox [17]). TFA pro-
vides a simple representation of a linear time- invariant filter 
in the frequency domain. The characteristics of this filter can 
be described by its gain and phase lag in different frequency 
bands. In our case, we focused on the very low (VLF: 0.005–
0.04 Hz), low (LF: 0.04–0.15 Hz), and high (HF: 0.15–
0.4 Hz) frequency bands [18]. Clinicians usually apply TFA 
thanks to its ease of use; however, this method assumes that 
the system under consideration is single input–single output 
(omitting the contributions of other inputs). MVAR models, 
on the other hand, are usually used to capture linear interde-
pendencies and couplings among multiple time series and to 
identify causality in the time and frequency domains. The 
most popular measures extracted by MVAR models are the 
coherence (Coh) (describing coupling in the frequency 
domain), partial coherence (PCoh) (describing direct cou-

pling), directed coherence (DC) (describing causality), partial 
directed coherence (PDC) (describing direct causality), and 
other related measures such as the directed transfer function 
(DTF), generalized PDC, and granger causality (GC). We 
retained features from both TFA and MVAR methods.

To predict TSO, we used random forests (RFs) [19, 20] in 
a regression context. RFs are an ensemble of decision trees 
that can handle highly nonlinear interactions, and they can 
cope with a small number of observations and a large number 
of features. However, their most important characteristic is 
that they can assess feature importance. RF trees are trained 
by selecting random observations from an initial data set and 
taking into account a specific set of random features. All the 
remaining observations are used as a validation set, known 
also as an out of bag (OOB) set. As the forest building pro-
gresses, it generates an internal unbiased estimate of the gen-
eralization error (OOB error), which is then used to extract 
the most important features. The prediction of a target value 
is given either by averaging over all trees in regression or by 
majority voting in classification, making the ensemble less 
sensitive to noise. RF feature importance (FI) is defined as the 
increase in the predicted OOB error if the values of that fea-
ture are permuted across the OOB observations. This measure 
is computed for every tree, subsequently averaged, and 
divided by the standard deviation over the entire forest. The 
idea behind this procedure is that if a feature is important, 
rearranging its values will have a negative impact on the pre-
diction accuracy. Conversely, if a feature is noninformative, 
the predictive performance of the model will not be altered. 
To acquire the optimal set of features for our problem, we 
applied a backward selection scheme [21], where in each 
iteration of the algorithm we discarded the least important RF 
features until we reached a minimum normalized mean square 
error (NMSE) and maximum Pearson’s Correlation 
Coefficient (ρ) between actual and predicted TSO.

 Results

The highest predictive performance (ρ: 0.952) (Table 1) was 
acquired using baseline ECG time series divided into 30 s 
windows. Five features were found to be important: the 
entropy of the coefficients extracted by applying wavelet 
decomposition (Daubechies, second order) on the ECG wave-
forms, the mean difference between the timing of the P and Q 
peaks and the P and R peaks, the coefficient of variation of the 
skewness of the T waves, and, lastly, the power band ratio of 
the HRV signal in the range 0.2–0.3 Hz (pr0.2_0.3) (activity 
in this range is usually related to respiratory sinus arrhyth-
mia). All features, except pr0.2_0.3, were positively corre-
lated with TSO. Based on the baseline ABP time series, the 
achieved prediction (ρ: 0.882) was inferior to that obtained 

K. Kostoglou et al.



315

from the ECG signal. As previously, five features were found 
to be important: full width at half maximum, the log energy of 
the initial and normalized (between 0 and 1) BP waveforms, 
the number of pairs of adjacent R-R intervals (R in this case 

is the systolic ABP), where the first R-R interval exceeds the 
second R-R interval by more than 20 ms, and the area under 
the curve of the normalized (between 0 and 1) BP waveforms. 
All aforementioned features exhibited a positive correlation 
with TSO. Mean ECG and ABP waveforms from all subjects 
for different TSO values can be found in Fig. 1. Features 
related with interactions between ABP and HRV had a low 
predictive performance (ρ: 0.352). On the other hand, fea-
tures expressing the relationship between ABP and CBFV 
exhibited better performance (ρ: 0.771). Five features were 
found to be informative: DC and PDC from CBFV to mean 
ABP in the LF range (negative correlation with TSO), the 
mean CVR, defined as MABP divided by CBFV (positive 
correlation with TSO), and the TFA gain and phase in the LF 
range (negative correlation with TSO). These results indicate 
possible differences in CA and CVR in VVS patients, which 
ultimate lead to different TSO values.

Table 1 Pearson’s correlation coefficient between actual and predicted 
TSO using different types of features

Feature used for prediction

Pearson’s Correlation 
Coefficient (ρ) between 
actual and predicted TSO

ECG features 0.957

ABP features 0.882

Features related to interactions 
between ABP and HRV (reflecting 
AA or BF)

0.313

Features related to interactions 
between ABP and CBFV (reflecting 
CA or CVR)

0.771
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Fig. 1 Mean ± standard deviation of the demeaned (a) ECG and (b) ABP waveforms for patients with TSO less than or equal to 253 s (left panel), 
between 253 and 498 s (middle panel), and between 498 and 1827 s (right panel)
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 Conclusions

We have found that TSO in VVS patients can be predicted 
with high accuracy from a set of five ECG features, even 
when no orthostatic stress is involved. This is a first step 
toward using a feature detection approach for the diagnosis 
and warning of impending syncopal events. Extracted fea-
tures related to the interactions between various recorded 
signals may help in shedding additional light on the underly-
ing mechanisms of VVS.
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Abstract Objectives: The pressure-reactivity index (PRx) is 
defined in terms of the moving correlation coefficient 
between intracranial pressure (ICP) and mean arterial pres-
sure (MAP) and is a measure of cerebral autoregulation abil-
ity. Plots of PRx against cerebral perfusion pressure (CPP) 
show a U-shaped behaviour: the minimum reflecting optimal 
cerebral autoregulation (CPPopt). However U-shaped behav-
iour may also occur by chance. To date there has been no 
evaluation of the statistical properties of these signals.

Materials and Methods: We simulated PRx/CPP distribu-
tions using synthetic ICP and MAP signals from Gaussian 
noise with known cross-correlation and calculated the statis-
tical distribution of extrema in the PRx/CPP relationship.

Results: The calculation of PRx on random data is statisti-
cally biased to show a U-shaped behaviour when the signals 
are positively cross-correlated (equivalent to PRx > 0). For 
PRx < 0, the bias is towards an inverse U-shaped behaviour. 
We demonstrate that this bias is eliminated by Fisher trans-
forming the PRx data before CPPopt analysis.

Conclusions: Cross-correlated signals are biased to show 
a U-shaped distribution. A CPPopt-like behaviour will be 
observed more often than not even from random ICP and 
MAP signals that do not exhibit autoregulation, unless PRx 
is Fisher transformed. Care must be taken in interpreting 
CPPopt in terms of physiology calculated from untrans-
formed data.

Keywords Cerebral autoregulation · Traumatic brain injury · PRx · 
Statistical properties · Bias · Fisher transform.

 Introduction

Traumatic brain injury (TBI) is a leading cause of death and 
disability [1]. Intracranial pressure (ICP) and cerebral perfu-
sion pressure (CPP) monitoring is fundamental to the inten-
sive care of patients with TBI in order to prevent secondary 
brain injury. Current guidelines for the management of 
severe TBI recommend maintaining ICP below 22 mmHg 
and CPP between 60 and 70 mmHg [2]. However, TBI is 
highly heterogeneous, and fixed thresholds do not account 
for this. Therapies to sustain cerebral perfusion can also be 
associated with harm. In particular, excessive CPP may 
exceed autoregulatory capacity, increasing intracranial blood 
and oedema volumes.

Management of patients based on the state of their 
cerebral autoregulation has been suggested. Cerebral 
autoregulation may remain intact over a narrowed range 
of CPP or be abolished after TBI [3, 4]. It has been sug-
gested that such individualised CPP therapy is more 
appropriate [3, 5].

One attractive method for quasi-continuous autoregula-
tion assessment is the cerebrovascular pressure reactivity 
(PRx). PRx is defined as the moving Pearson correlation 
coefficient between 30 consecutive 10 s averaged values 
(=5 min window) of mean arterial pressure (MAP) and 
ICP. Averaging suppresses pulse and respiratory transients 
[5]. PRx can provide a useful approximation of the state of 
autoregulation validated against both TCD and PET studies 
[6, 7]. Software is available for the continuous determination 
of PRx at the bedside [4].

Disturbed pressure reactivity leads to a more positive PRx 
and is of interest. PRx has been shown to be a more reliable 
predictor of mortality than ICP thresholds [6, 8]. Plotting 
mean PRx over a moving 4 h window against 5 mmHg bins 
of CPP reveals a U-shaped relationship [4]. The point at 
which PRx is the lowest is determined by curve fitting. This 
point defines the optimal CPP (CPPopt), representing the 
CPP for which autoregulation is best preserved.
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CPPopt appears to be clinically significant. Retrospective 
observational studies have demonstrated patients managed 
away from CPPopt were associated with worse clinical out-
come [3]. Recent data suggested excess mortality for patients 
managed below CPPopt and excess severe disability for 
those managed above it [4]. True causality is not yet 
 established; nevertheless, the concept of autoregulation- 
personalised treatment is attractive. The technique is techni-
cally feasible. Whilst CPPopt can be identified approximately 
70% of the time [4], improved curve fitting heuristics and 
novel visualisation techniques can aid appreciation of trends 
and overcome gaps in the data [9].

PRx is a derived parameter obtained from relatively 
complex calculations. The statistical properties of PRx 
measurements are not immediately obvious, but it is 
important to be sure that there are no biases that might 
affect subsequent analyses. Successive PRx/CPP measure-
ments form a distribution. However, if MAP and ICP are 
correlated/anti- correlated, this distribution moves because 
mean PRx increases/decreases. Because PRx is limited to 
values between −1 and +1, the distribution becomes asym-
metrical because of a ceiling effect, and this may introduce 
spurious apparent U-shaped relationships between PRx 
and CPP.

Furthermore, the distribution of PRx with CPP depends 
on the statistical signal properties of the MAP/ICP wave-
forms. Statistical fluctuations in these signals can have a 
complex long-range autocorrelation, and it is known that the 
spectral properties (or, equivalently, degree of self- 
similarity/signal complexity) of physiological recordings 
reflect the underlying homeostatic burden/reserve. This can 
vary with physiological stress or manipulation [10] and so 
may vary with time and can be highly prognostic [11]. This 
signal autocorrelation further distorts the distribution of 
PRx/CPP measurements and could be another source of 
bias.

A common (but not universal) heuristic is to first Fisher 
transform PRx to “normalise” its distribution before assess-
ing for a CPPopt minimum. However, the use of the Fisher 
transformation to remove the ceiling effect of correlated data 
has not been investigated. This simulation investigates 
whether the Fisher transformation is necessary to remove the 
distribution bias of data and to produce a curve from which a 
meaningful CPPopt can be calculated.

In this study, we present Monte Carlo simulations char-
acterising the statistical properties of PRx as a function of 
CPP looking for potential sources of U-shaped bias that may 
confound/distort any true underlying autoregulation behav-
iour. In particular, we examine the effect of different levels 
of correlation between MAP and ICP. Furthermore, we 
examine the influence of autocorrelation on bias. Finally, 
we study the effect of Fisher transformation on any such 
bias.

 Materials and Methods

MAP and ICP signals were synthesised from white noise. A 
degree of first-order lagged autocorrelation was then intro-
duced into both the MAP and ICP signals according to Eq. 1:

 
y t y t y t( ) −( )× ( ) + × −( ) 1 1φ φ .  (1)

The parameter ϕ was tuneable, simulating different 
degrees of memory in the signal varying between −1 (anti- 
persistent) and +1 (persistent).

Correlation was subsequently added to ICP according to 
Eq. 2:

 ICP MAP ICP ρ ρ× + − ×1 2 .  (2)

Thus ρ represents an underlying correlation between the 
two signals. Crucially, this correlation does not imply any 
autoregulation; ρ is not a function of CPP. Thus, whilst we 
expect PRx to be non-zero for non-zero ρ, there should be no 
U-shaped behaviour in the PRx/CPP relationship if the 
CPPopt calculation is unbiased.

To test this null hypothesis, we calculated PRx as the mov-
ing window Pearson correlation coefficient from our synthetic 
signals analogously with clinical practice. PRx values so 
obtained were evenly binned against the mean CPP for the win-
dow period and a quadratic fit performed to this mean PRx/
CPP data (Eq. 3, where U, V and W are fitted parameters):

 PRx CPP CPP= × + × +U V W2 .  (3)

We extracted the quadratic parameter, U, from the fit as a 
measure of the curvature of the PRx/CPP relationship with 
1000-fold repetition to obtain a mean/standard deviation. 
This was repeated for different values of ρ ∈ [−1, +1] and 
ϕ ∈ [−1, +1].

To examine the effect of the Fisher transformation on the 
statistical properties of PRx, we additionally transformed the 
calculated PRx values before our quadratic fit using Eq. 4:

 
PRx

PRx

PRx


1

2

1

1
ln .

+
−







  

(4)

Calculations were carried out using MATLAB Release 
2015b (The MathWorks Inc., Natick, MA, USA) on Linux. 
Code was optimised to run in parallel on 16 × 3.3 GHz Intel 
Xeon cores with a total of 32 GB RAM (typical runtime 
~23 h).

 Results

Figure 1 shows how the quadratic parameter, U, varies with 
the correlation parameter ρ for white noise ICP/MAP (ϕ = 0). 
For ρ = 0, U is close to zero. For increasing positive ρ (ICP 
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and MAP are correlated) U becomes positive and non-zero, 
demonstrating a U-shaped tendency to the PRx/CPP rela-
tionship. Since the ICP and MAP signals are simulated from 
correlated noise only, without any autoregulation behaviour, 
this represents a U-shaped bias.

For ρ below zero, U is negative/non-zero, meaning that 
there is, on average, an inverted U-shaped bias for situations 
where PRx is negative. For ρ =  ± 1 U becomes zero since 
PRx is exactly ±1 for all CPP.

Figure 2 shows analogous data to Fig. 1, but in this case, 
the simulated PRx values were first Fisher transformed before 
the fitting of a quadratic curve against CPP. Within errors, the 
relationship of U against ρ is seen to be abolished.

Figure 3 shows the effect of changing the degree of auto-
correlation ϕ for a fixed ρ = 0.6 (chosen so that U is approxi-
mately maximal in Fig. 1). The U-shaped bias is seen to 
reduce slightly with increasing positive autocorrelation. For 
negative autocorrelation, U is found to increase 
dramatically.

 Discussion

Our simulations demonstrate that PRx is statistically biased 
to display U-shaped behaviour, centred on the mean value 
of CPP, in the absence of autoregulation. The direction and 
magnitude of this U-shape depends on the degree and sign 
of the cross-correlation between MAP and ICP. This consid-
eration is important: For positively correlated signals (such 
as occurs with a generally pressure-passive ICP/MAP rela-
tionship), this could distort the true autoregulatory mini-
mum or even introduce a spurious CPPopt. For negatively 
correlated ICP/MAP (as might be expected on average for 
an autoregulating system), the U-shaped bias is inverted, 
which may serve to distort or abolish the true autoregulatory 
minimum.

In Fig. 1, it is noteworthy that the relationship is not sym-
metrical, ρ =  ± 1, the maximum U being greater than the 
minimum. This results from an inherent correlation between 
ICP and CPP since CPP = MAP-ICP. Repeating the simula-
tions for the ICP/MAP relationship (as opposed to the clini-
cally important case of ICP/CPP) removes the asymmetry.

 Conclusions

We show that PRx/CPP is statistically biased, and this applies 
to any similar parameter from two correlated time series. 
Furthermore, this bias is exacerbated if the signals are autocor-
related with anti-persistence. Since changes in autocorrelation 
and signal complexity are known to occur in the face of 
physiological perturbation, the U-shaped bias is therefore 
expected to be dependent on physiological stress. We recom-
mend that the Fisher transformation always be used before 

Fig. 1 Plot of fitted quadratic parameter U (arbitrary units × 10−5) 
against ICP/MAP correlation strength ρ. Positive values of U suggest a 
U-shaped tendency between ICP and CPP; negative values represent an 
inverted U-shape

Fig. 2 Equivalent plot to Fig. 1 for Fisher-transformed PRx. Unlike the 
untransformed case, there is no longer a demonstrable U-shape bias for 
any value of ρ

Fig. 3 Parameter U (logarithmic scale) as a function of autocorrelation 
ϕ for simulated ICP/MAP data with fixed ρ = 0.6. For zero autocorrela-
tion, this corresponds to a value of U near the maximum seen in Fig. 1. 
The bias is reduced slightly for increasing positive autocorrelation (per-
sistence). However, with negative autocorrelation (anti-persistent data), 
the U-shaped bias increases dramatically
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analysing such data. This rescales the Pearson correlation 
coefficient in such a way as to normalise its distribution.
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