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Abstract — This study aims to describe heart rate variability 

during the first episode of plateau waves of intracranial 

pressure (ICP) in Traumatic Brain Injury (TBI) in order to 

characterize and identify at bedside this cerebrovascular 

phenomenon. The general behavior of the heart rate variability 

(HRV) spectral measures expressed in the medians across 

patients is concordant with an increased HRV in the latter part 

of the baseline and plateau wave, followed by a decrease after 

the event and a new increase during the recovery. In low and 

high frequency bands the same increase is more marked in the 

parametric analysis. Interpretation of HRV may help clinicians 

to better identify the plateau waves and allow earlier 

management. 

  

I. INTRODUCTION 

In 1950 Janny first described sudden rises in intracranial 

pressure (ICP), but the term plateau waves or A waves was 

proposed by Lundberg in 1960  [1]. 

Plateau waves (PW) are defined by a sudden substantial 

elevation in ICP, up to 40-100 mmHg that lasts more than 5 

minutes [2] and terminates either spontaneously or in 

response to active treatment, [3] while arterial blood 

pressure remains stable or varies modestly. 

The classic accepted mechanism of a plateau wave is a 

vasogenic positive feedback loop triggered by active 

vasodilatation, that increases cerebral blood volume (CBV), 

leading to elevation of ICP, decrease of cerebral perfusion 

pressure (CPP), further vasodilation until maximum 

vasodilation is reached. A vasoconstrictive stimulus (either 

therapeutic or spontaneous) stops this mechanism, reversing 

this loop and restoring ICP [2]. These waves are not usually 

associated with worse outcome, unless they last longer than 

30 min [4]. Nevertheless, these acute elevations of ICP may 

lead to dramatic decreases of CPP, which can, therefore 

 
*Research partially supported by CMUP (UID/MAT/00144/2013), 

funded by FCT (Portugal) with national (MEC) and European structural 

funds through FEDER, under the partnership agreement PT2020. Study 
partially supported by project TEC2013-42140-R from MICINN, Spain, 

CIBER, a center of the Instituto de Salud Carlos III with assistance from the 

European Regional Development and by Grupo Consolidado. BSICoS from 
DGA (Aragón, Spain) and European Social Fund (EU). 

A. Luís and A. S. Santos are with the Centro Hospitalar de Lisboa 

Ocidental (e-mail: analuis.nc@gmail.com, alexandrasantos@campus.ul.pt). 
A. S. Santos  also with  Faculty of Medicine of Lisbon, Lisbon, Portugal. C. 

Dias is with Centro Hospitalar São João and Faculty of Medicine, 

University of Porto, Porto, Portugal (e-mail: mceleste.dias@gmail.com). R. 
Almeida and A. P. Rocha are with Departamento de Matematica, Faculdade 

de Ciências, Universidade do Porto (FCUP), Centro de Matematica da 

Universidade do Porto (CMUP), Rua do Campo Alegre, 687, 4169-007 
Porto, Portugal (e-mail: rbalmeid@fc.up.pt, aprocha@fc.up.pt). R. Almeida 

(corresponding author) is also with BSICoS Group. Aragon Institute for 

Engineering Research (I3A). IIS Aragon, Spain. (phone: 00351- 220 402 
281; fax: 00351- 220 402 108).  

induce reduction of brain blood flow and tissue oxygenation, 

contributing to secondary brain lesion [5]. 

Plateau waves are related with cerebrovascular reactivity 

[2] and exhausted cerebrospinal compensatory reserve, thus 

are common cerebrovascular phenomena in several 

neurological and neurosurgical conditions, including: 

traumatic brain injury [2,3,4], subarachnoid hemorrhage 

[6,7], intracerebral hemorrhage [7], brain tumors [8], 

craniosynostosis [9], idiopathic intracranial pressure [7,10], 

leptomeningeal carcinomatosis and encephalitis [11].  

The autonomic nervous system plays a role in 

cerebrovascular reactivity and triggers systemic vascular 

changes. Therefore a quantitative analysis of autonomic 

function (such as heart rate variability - HRV) may provide 

more information about PW pathophysiology [5].  

HRV (beat-to-beat variations in heart rate) may be 

studied using either time domain analysis or spectral 

analysis (Task Force of the European Society of Cardiology 

and the North American Society of Pacing and 

Electrophysiology, 1996) [12]. It has been showed that the 

HF component is related to the respiratory sinus arrhythmia 

and vagal activity of the heart while the LF component 

reflects the global activity of the autonomic nervous system 

[13,14]. HRV reduction was observed in brain injury 

patients, both in adult and pediatric patients [15], was 

associated with prognosis [15,16] and can be used to predict 

impaired cerebral autoregulation [17]. As the PW are 

probably a reflex of autonomic dysfunction, the authors 

hypothesized that there is a relationship between ICP plateau 

waves and HRV. 
 

II. MATERIAL AND METHODS 

A. Experimental Data 

1) Patients: retrospective study of 7 adult traumatic brain 

injury patients (TBI), that developed PW, admitted to the 

Neurocritical Care Unit (NCCU) at Hospital São João, 

Porto. Exclusion criteria were pregnancy and age < 18 years 

old. Patients were sedated with propofol and/or midazolam 

and fentanyl and normoventilated. ICP and CPP 

management was achieved according to the NCCU protocol 

already published [18] approved by the hospital Ethics 

Committee. The patients were continuously monitored for 

ECG at 250 Hz, heart rate (HR), arterial blood pressure 

(ABP), ICP, CPP and End-tidal CO2 (ETCO2) for the first 

10 days. The intraparenchymal ICP probe was inserted in the 

frontal area of the worst side of the brain lesion. We used 

ICM+® software to collect primary data and calculate 

secondary variables related to compensatory reserve and 

cerebrovascular reactivity. 
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Figure 1 – Example of plateau wave (PW) of intracranial pressure (ICP) and analysis periods. Baseline – 30 min time interval before PW until ICP elevation 

< 20mmHg. Plateau wave – time interval in which ICP ≥ 40mmHg. After PW– 60 min time interval after PW, starting at ICP decrease < 20mmHg. 

 

2) Plateau Waves: primary clinical analysis of raw data 

included calculation of ten seconds averages of 

physiological variables HR (heart rate), ABP (arterial 

blood pressure), ICP, CPP and AMP (amplitude of ICP). 

We selected the first PW of all patients and divided it into 

three different periods of analysis, (Figure 1): A. baseline 

– 30 minutes period starting before PW and until ICP 

elevation < 20mmHg. B. plateau wave – time interval in 

which ICP ≥ 40mmHg. C. after PW – 60 minutes time 

interval after plateau wave, starting at ICP < 20mmHg. 

The entire interval was subdivided in nineteen segments 

of time for the analysis: b1-b6 are 5-minute intervals 

before the event (baseline), plw is the total time interval 

during the plateau wave and a1-a12 are 5-minute intervals 

after the event (after plw). For patient AS only a1-a10 

were considered (50 minutes), as the remaining ECG 

signal was corrupted. 

B. Preprocessing and Data Analysis 

Signal processing was performed using MATLAB®. 
Demographic statistical analysis was performed using SPSS 
23. Data were expressed as median values and range (min; 
max). Non-parametric Friedman tests were used to 
investigate statistical relationships between the studied 
variables over baseline, plw and after plw. Wilcoxon signed-
rank tests with Bonferroni correction were applied for the 
subsequent pairwise comparisons. Tests were considered 
statistically significant for p values <0.05. 

Automatic delineation of the ECG signal was performed 
using a wavelet based approach described in [19] to 
efficiently extract RR series with no filtering or correction 
from the equipment. A local correction of the QRS mark was 
performed by taking the maximum amplitude sample in a 
centred 10 samples neighbourhood and using the integral 
pulse frequency modulation model [20], after which all beats 
are considered to be normal (NN). The RR series obtained as 
time differences of the corrected marks are then detrended 
using the approach proposed by Tarvainen [21]. Series were 
assumed to be sampled at the local mean heart rate, as this 
has been shown acceptable for spectral analysis for 
frequencies far from Nyquist frequency [20] 

HRV analysis was performed according to the guidelines 
[12] for each of the twenty segments per patient available. 
The following time domain measures were obtained: RR 

intervals standard deviation (SDNN), standard deviation of 
differences between adjacent RR intervals (SDSD) and the 
square root of the mean on the sum of the squares of the 
differences between adjacent RR intervals (RMSSD).  

For frequency domain analysis, standard fixed bands 
were considered [12] as low frequency (LF: 0.04-0.15 Hz), 
high frequency (0.15-1.4 Hz) bands and all frequencies in 
spectra (TP). Both non-parametric and parametric (AR-
autoregressive based) approaches were used. Welch method 
in 64 points windows, with 50% overlap and 512 points for 
fast Fourier transform estimation was used. Non parametric 
measures were taken as the total power (TPnp) and the power 
in each standard band (LFnp, HFnp), measured as the area 
under the spectra. AR identification was performed using 
forward-backward approach [22]. Only valid models with 
uncorrelated residual according to a 5% of significance 
Ljung-Box Q-test were admitted and best order selected from 
6 to 20 according Akaike's Information criterion. If no 
admissible model was found, parametric analysis was not 
performed for that segment. Parametric HRV measures were 
obtained by assigning each pole contribution to the spectral 
band in which the pole is located (TPp, LFp, HFp) [23], using 
spectral AR decomposition.  

III. RESULTS 

A. Demographic Data 

The study population included 7 adult patients with TBI: 
MT, AM, AR, AS, ACL, RMO and MCC (6 male; mean age 
56 years; range, min-max: 20-82 years). The mean Glasgow 
coma score at admission was 7 (3-10) and the mean length of 
stay in NCCU was 27 days (12-37), with mean Glasgow 
outcome score at discharge 3 (1-5). 

B. Plateau Waves 

Physiological variables related to PW events are 
summarized in Table 1. The median duration of ICP waves 
was 5:07 min (02:07-13:07). The median amplitude of ICP 
(AMP) varied in accordance with the variation of ICP. 
Individual mean ABP remained almost constant at baseline, 
during plw and after plw (p=0.5). Significant differences 
were found between baseline, plw and after plw for the 
remaining 3 physiological variables. Compared to baseline, 
CPP decreased and ICP and AMP increased during plw; 
compared to plw, CPP increased and ICP and AMP 
decreased after plw; p=0.018, Wilcoxon signed-rank tests 
with Bonferroni correction.  



54 pt
0.75 in

19.1 mm

54 pt
0.75 in

19.1 mm

54 pt
0.75 in

19.1 mm

54 pt
0.75 in

19.1 mm

Margin requirements for the other pages
Paper size this page US Letter  

C. HRV Analysis 

As the clinical and time criteria were used to define the 
segments of analysis, a variable number of beats was found. 
The 5-min HR ranged from 41 to 78 bpm at the baseline and 
52 to 152 bpm at after plw. The mean heart rate during PW 
ranged from 43-138 bpm and was higher than in b1 to b3 for 
all cases, but only for 2 of them increased by 10 bpm. Results 
from HRV analysis are presented in Figures 2 and 3. 

With respect to time based HRV an increased variability 
was found during the latter part of the baseline and plw. The 
SDNN and SDSD in each segment and all patients are 
presented in Figure 2 a) and b). Behavior of RMSSD was 
found to be similar. Medians across patients, which is robust 
to outliers, were used to represent the global behavior (Figure 
2c)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 – a) RR intervals standard deviation (SDNN), b) standard 

deviation of differences between adjacent RR intervals (SDSD), c) median 
of SDNN and SDSD across patients, d) relative SDNN and e) relative 

SDSD, for each patient and interval. 
 

As the variability of the measures across patients and 
segments is very high, SDNN and SDSD relative values 
(normalized by its maximum) are also presented in Figure 2 
d) and e), for comparison purposes. All 7 patients present a 
rise of SDNN and SDSD at b5 or b6, preceding plw.  

(mmHg) 
 

baseline plateau wave after plw p 

ABP 

 

 104.2 

(85.9; 115.4) 

108.1 

(85.9; 123.5) 

98.9 

(88.9; 118.0) 0.5 

CPP 

 

 83.7 

(77.3; 101.9) 

68.8 

(45.9; 77.6) 

80.1 

(79.3; 100.2) 0.005 

ICP 

 

 18.1 

(8.2; 23.7) 

41.4 

(37.5; 45.9) 

17.5 

(4.5; 21.4) 0.02 

AMP 

 

 2.7 

(2.1; 12.3) 

10.2 

(3.7; 13.4) 

2.9 

(1.9; 10.0) 0.005 

 

Table 1 - Median and range (min; max) across patients of mean arterial 

blood pressure (ABP), cerebral perfusion pressure (CPP), intracranial 
pressure (ICP) and amplitude of ICP (AMP). Friedman tests p values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3 – a) Non parametric spectral power (TPnp), b) parametric spectral 

power (TPp), c) median across patients, d) relative TPnp and e) relative 
TPp, for each frequency band and interval. 
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The HRV spectral measures obtained using non 
parametric and parametric methods are not interchangeable 
and cannot be compared directly [22]. The values of TPnp 
and TPp for all patients and each interval are presented in 
Figure 3 a) and b), respectively. The general behavior 
expressed in the medians across patients for each frequency 
band is presented in Figure 3c). As for time based measures, 
relative TP values are reported in Figure 3 d) and e). All 7 
patients present a TPnp rise at b5 or b6, in accordance with 
HRV time based measures. In TPp this increase in seen in 6 
patients, with MT patient remaining in same level. Increased 
HRV is seen in the latter part of the baseline (b5 and b6) and 
plw, followed by a decrease after the event and a new 
increase during the recovery. The increase preceding plw  is 
more marked in the parametric analysis (Figure 3 c)), which 
can indicate that AR modeling is more powerful for the study 
of this data rather than Welch (non parametric). As a matter 
of fact, applying AR spectral decomposition assigns the 
contribution of a pole totally to the same band, even if the 
tails cross its boundary. This overcomes in a certain way the 
limitation of fixed frequency bands LF and HF [24]. This 
issue can be of utmost importance in the case of intrisinc 
dynamic situations such as is the case of PW management. 

IV. CONCLUSION 

Plateau waves of ICP are important cerebrovascular 

phenomena in TBI patients and seems to be expressed in 

HRV. In fact, the general behavior of the median HRV 

spectral measures across patients is concordant with an 

increased HRV in the latter part of the baseline and plateau 

wave, followed by a decrease after the event and a new 

increase during the recovery. In LF and HF bands the same 

increase is more marked in the parametric analysis. Changes 

in the autonomic nervous system measured by HRV might 

trigger systemic vascular changes related to PW generation. 

Further studies are warranted to develop a bedside 

monitoring tool based on HRV to help clinicians to better 

identify the plateau waves and allow earlier management. 
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