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    Abstract     The aim of this study was to describe multimodal 
brain monitoring characteristics during plateau waves of 
intracranial pressure (ICP) in patients with head injury, using 
ICM+ software for continuous recording. Plateau waves 
consist of an abrupt elevation of ICP above 40 mmHg for 
5–20 min. This is a prospective observational study of 
patients with head injury who were admitted to a neurocriti-
cal care unit and who developed plateau waves. We analyzed 
59 plateau waves that occurred in 8 of 18 patients (44 %). At 
the top of plateau waves arterial blood pressure remained 
almost constant, but cerebral perfusion pressure, cerebral 
blood fl ow, brain tissue oxygenation, and cerebral oximetry 
decreased. After plateau waves, patients with a previously 
better autoregulation status developed hyperemia, demon-
strated by an increase in cerebral blood fl ow and brain oxy-
genation. Pressure and oxygen cerebrovascular reactivity 
indexes (pressure reactivity index and ORxshort) increased 
signifi cantly during the plateau wave as a sign of disruption 
of autoregulation. Bedside multimodal brain monitoring is 
important to characterize increases in ICP and give differen-
tial diagnoses of plateau waves, as management of this phe-
nomenon differs from that of regular ICP.  

  Keywords     Head injury   •   Multimodal brain monitoring   • 
  Intracranial pressure   •   Plateau waves   •   Pressure reactivity 
index   •   Short oxygen reactivity index   •   Cerebral blood fl ow 
index  

      Introduction 

 Plateau waves or A waves, as described by Lundberg and 
colleagues [ 12 ], “follow a specifi c pattern, characterized by 
a steep rise to a high level (60–100 mmHg) and, following 
some minutes, an often equally steep fall.” The increase in 
intracranial pressure (ICP) during plateau waves refl ects 
vasodilation, with a subsequent increase in cerebral blood 
volume (CBV) [ 13 ] and a decrease in cerebral perfusion 
pressure (CPP) and cerebral blood fl ow (CBF). The end of 
the vasodilatory cascade of a plateau wave should be pursued 
[ 13 ,  14 ] because long duration of more than 30–40 min is 
associated with an unfavorable outcome [ 8 ]. Multimodal 
brain monitoring at the bedside helps to identify different 
patterns of high ICP and the consequences for cerebral 
hemodynamics combined with cerebral oxygenation. The 
aim of this study was to describe the characteristics of pla-
teau waves with multimodal brain monitoring in patients 
with head injury admitted to neurocritical care.  

    Materials and Methods 

 This was a prospective observational study completed in 18 
patients with severe head injury admitted to the neurocritical 
care unit (NCCU) at Centro Hospitalar Sao Joao, Porto. 
Patients were sedated and ventilated and CPP-oriented ther-
apy was managed according to the Brain Trauma Foundation 
(BTF) guidelines [ 5 – 7 ] whenever we could not calculate 
optimal CPP using PRx [ 2 ]. Multimodal systemic and brain 
monitoring was applied to the patients for the fi rst 10 days, 
and variables were continuously recorded using the dedi-
cated software program ICM+. We defi ned primary variables 
for heart rate (HR), arterial blood pressure (ABP), ICP, CPP, 
pulse amplitude (AMP), end tidal CO 2  (ETCO 2 ), brain 
 temperature (temp), brain tissue oxygenation pressure 
(PtO 2 ), cerebral oximetry with transcutaneous near-infrared 
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 spectroscopy (CO), and CBF, and secondary variables related 
to the cerebral compensatory reserve (RAP) [ 3 ] and cerebro-
vascular reactivity indexes were calculated as a moving cor-
relation coeffi cient using 10-s averages of primary variables 
over a moving window of 5 min in duration (PRx [ 9 ], PAx, 
[ 1 ], ORxshort [ 10 ], and CBFx [ 10 ]). Intraparenchymal 
probes were located in areas at risk of developing secondary 
lesions, mainly in the penumbra area. The compiled data 
were analyzed offl ine in patients who developed plateau 
waves, after local research ethics committee approval and 
with written consent from the patients’ next of kin. 

 To study the plateau waves we applied time averages of 
the primary and secondary variables for 30 min at baseline, 
during the plateau phase, and two consecutive 30-min inter-
vals after the wave (fi rst 30 min – Δ1 and second 
30 min – Δ2). 

 Statistical analysis was performed using IBM software, 
SPSS 20. Repeated measures ANOVA were applied to test 
the signifi cance of the results between baseline values and 
values found during and after plateau waves, between and 
within subjects. When applicable, the nonparametric 
Kruskal–Wallis test was used to test statistical relationships 
between variables. Values are presented as mean ± SD and 
statistical signifi cance was considered for  p  values <0.05.  

    Results 

 In this study, we identifi ed 59 plateau waves with a mean 
duration of 8:47 min ± 7:12 that occurred in 44 % of the 
patients (8 of 18). Sixteen were male with a mean age of 42 
years ± 15 and the mean Glasgow Coma Scale score at admis-
sion was 6 ± 3. Mortality rate at 3 months after hospital dis-
charge was 17 % and median Glasgow Outcome Scale 
(GOS) score was 3. An example of a plateau wave using a 
multimodal monitoring setup is presented in Fig.  1 .

   At baseline, mean ICP was 17.4 ± 5.3 mmHg, with a mean 
ICP amplitude of 2.7 ± 1.3, a mean CPP of 90.7 ± 11.4 mmHg, 
and brain tissue oxygenation of 21.4 ± 7.9 mmHg. 

 At the top of the plateau wave, mean ICP increased at a 
level of 47.3 ± 6.5 mmHg ( p  = 0), mean ICP pulse amplitude 
rose to 6.9 ± 2.7 ( p  = 0), and mean CPP decreased to 
61.1 ± 14 mmHg ( p  < 0.0001). Cerebral blood fl ow and cere-
brovascular resistance decreased, although not signifi cantly, 
and brain oxygenation decreased signifi cantly ( p  = 0.0004) to 
values below 20 mmHg. Simultaneously, brain hypoxia was 
detected by cerebral oximetry (CO) although with a less sig-
nifi cant value ( p  = 0.021). We also saw a small increase in 
endtidal CO 2  between baseline and plateau wave, although it 
was highly signifi cant ( p  = 0.00042), which may be respon-
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  Fig. 1    Example of a plateau wave characterized by multimodal brain 
monitoring. The increase in intracranial pressure ( ICP ) is preceded by a 
sudden 2-mmHg rise in endtidal CO 2  ( ETCO   2  ), which may be the trigger 
of the vasodilatory cascade. During the tidal wave, arterial blood pressure 

( ABP ) remained stable, but cerebral perfusion pressure ( CPP ), tissue 
oxygenation ( ptO   2  ), and cerebral blood fl ow ( CBF ) decreased. After the 
end of the plateau wave, there was a hyperemic response, with a signifi -
cant increase in CBF followed by a recovery of brain oxygenation       
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sible for triggering the vasodilatory cascade. Detailed data 
and statistical analysis are presented in Table  1 . After the end 
of plateau wave, a hyperemic response was recorded in 64 % 
of cases with a signifi cant increase in cerebral blood fl ow 
( p  = 0.03) and brain oxygenation ( p  = 0.009) above baseline. 
The higher magnitude of ICP (Δ ICP) during plateau waves 
was associated with better pressure and oxygen autoregula-
tion status (PRx and ORx) and low brain oxygenation (CO) 
described by the model defi ned with multiple regression 
analysis (Δ ICP = 8.30*ORx + 0.37*CO − 8*PRx + 49).

       Discussion 

 Head injury patients may develop episodes of high ICP and 
some of these events are plateau waves. Poor outcome after 
TBI is associated with sustained high ICP [ 15 ] or low oxy-
genation [ 4 ]. However, only long plateau waves of more than 
30 min in duration seem to be related to unfavorable out-
come [ 8 ]. 

 In our NCCU, plateau waves are actively treated, which 
explains the short duration (mean duration less than 10 min) 
found in our data. Nevertheless, we were able to demonstrate 
the statistically signifi cant negative impact of plateau waves 

on cerebral hemodynamics (CPP, CBF, and CVR) and cere-
bral oxygenation (CO, PtO 2 ). Also, the transient reactive 
post-plateau hyperemia may well be a response following 
the brief period of brain tissue hypoperfusion and hypoxia. 

 When autoregulation evaluated using PRx was working at 
baseline, disruption of that phenomenon occurred during the 
wave phase. The same pattern was observed by the other 
cerebrovascular reactivity indexes PAx, ORxshort, and 
CBFx. Moreover, the magnitude of the plateau wave was 
greater in patients with intact cerebrovascular reactivity. The 
results presented in our study are consistent with the vasodi-
latory cascade theory [ 11 ] for patients with good autoregula-
tion, but a worse compensatory reserve, as indicated by the 
shifts of PRx and RAP.  

    Conclusion 

 Multimodal brain monitoring permits the early identifi ca-
tion of plateau waves and allows better understanding of 
these intrinsic brain vascular phenomena, which may 
have a positive infl uence on the management of head 
injury patients.     

  Disclosure   The ICM+ software for brain monitoring (  www.neurosurg.
cam.ac.uk/imcplus    ) is licensed by the University of Cambridge 
(Cambridge Enterprise). Peter Smielewski and Marek Czosnyka have 

   Table 1    Description of primary and secondary variables and statistical results as  p  values   

 Mean ± SD  Baseline 

  p  1  from 
baseline to 
plateau  Plateau phase 

  p  2  from 
plateau to Δ1 

 Δ1 fi rst 
30-min 
interval 

  p  3  from 
plateau to Δ2 

 Δ2 second 
30-min 
interval 

 ICP  17.4 ± 5.3  0  47.3 ± 6.5  0  16.9 ± 6.9  0  15.5 ± 7.5 

 AMP  2.7 ± 1.3  0  6.9 ± 2.7  0  2.9 ± 1.4  0  2.6 ± 1.1 

 ABP  107.9 ± 12.9   NS   108.2 ± 13.9  NS  109.8 ± 12.9   NS   108.6 ± 13.0 

 CPP  90.7 ± 11.4  0  61.1 ± 14  0  93.1 ± 13.3  0  93.2 ± 12.7 

 CBF  31.6 ± 30.9   NS   26.2 ± 24.5  0.03  41.2 ± 28.3   NS   33.7 ± 33.6 

 CVR  4.9 ± 2.8   NS   3.9 ± 2.4  0.02  3.6 ± 2.5   NS   5.2 ± 3.8 

 CO  53.0 ± 8.5  0.02  50.1 ± 12.8  NS  50.8 ± 13.1   NS   51.4 ± 10.5 

 PtO 2   21.4 ± 7.9  0.0004  16.7 ± 8.7  0.002  20.4 ± 7.3  0.009  20.7 ± 8.0 

 EtCO 2   28.1 ± 3.5  0.0004  29.9 ± 4.2   NS   28.9 ± 3.6  0.001  28.3 ± 3.9 

 HR  78.2 ± 17.9   NS   79.9 ± 15.7   NS   79.5 ± 17.9   NS   78.8 ± 18.8 

 Temp  37.4 ± 0.8   NS   37.4 ± 0.8  0.01  37.3 ± 0.9  0.03  37.3 ± 0. 9 

 RAP  0.6 ± 0.2   NS   0.7 ± 0.2   NS   0.6 ± 0.2   NS   0.6 ± 0.2 

 PRx  −0.1 ± 0.3  0.02  0.2 ± 0.5   NS   0,1 ± 0.3   NS   0.1 ± 0.3 

 PAx  0.1 ± 0.3   NS   0.2 ± 0.4   NS   0.2 ± 0.2   NS   0.2 ± 0.2 

 CBFx  0.6 ± 0.3   NS   −0.3 ± 0.4   NS   0.7 ± 0.3   NS   0.01 ± 0.2 

 COx  0.5 ± 0.1   NS   −0.1 ± 0.3   NS   0.1 ± 0.2   NS   0.2 ± 0.2 

 ORxshort  −0.02 ± 0.2  0.04  0.2 ± 0.4  0.004  0.1 ± 0.2   NS   0.01 ± 0.2 

   ICP  intracranial pressure,  AMP  ICP amplitude,  ABP  arterial blood pressure,  CPP  cerebral perfusion pressure,  CBF  cerebral blood fl ow,  CVR  
cerebrovascular resistance,  CO  cerebral oximetry,  PtO   2   brain tissue oxygenation,  ETCO   2   endtidal CO 2 ,  HR  heart rate,  Temp  brain temperature, 
 RAP  index between AMP and ICP,  PRx  pressure reactivity index,  PAx  pulse amplitude index,  CBFx  cerebral blood fl ow reactivity index,  COx  
cerebral oximetry reactivity index,  ORxshort  oxygen reactivity short index,  NS  nonsignifi cant  
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