
        
    
        
            
            
                
            

            
        
    

        
    
        
            
            
                
            

            
        
    


        
    




        

        
    Skip to main content

    
    
        
            
                Advertisement

                
                    
                        
                            [image: Advertisement]
                        
                    

                

            

        

    



    
    
        
            
                
                    
                        [image: SpringerLink]
                    
                
            
        


        
            
                
    
        Log in
    


            
        
    


    
        
            
                
                    
                        
                            
                        Menu
                    
                


                
                    
                        
                            Find a journal
                        
                    
                        
                            Publish with us
                        
                    
                        
                            Track your research
                        
                    
                


                
                    
                        
                            
                                
                                    
                                Search
                            
                        

                    
                    
                        
 
  
   
  Cart
 


                    
                

            

        
    




    
        
    
        
            
                
                    
    
        
            	
                        Home




	
                        Neurocritical Care

	
                        Article

Plateau Waves in Head Injured Patients Requiring Neurocritical Care


                    	Original Article
	
                            Published: 30 June 2009
                        


                    	
                            Volume 11, pages 143–150, (2009)
                        
	
                            Cite this article
                        



                    
                        
        
            
                
                    
                        Download PDF
                        
                    
                
            

        

    

                        
                    

                
                
                    
                        
                            
                            
                                
                                [image: ]
                            
                            Neurocritical Care
                        
                        
                            
                                Aims and scope
                                
                            
                        
                        
                            
                                Submit manuscript
                                
                            
                        
                    
                

            
        
    


        
            
                
                
                    
                        
                            
                                Plateau Waves in Head Injured Patients Requiring Neurocritical Care
                            

                            
                                
                                    
        
            
                
                    
                        Download PDF
                        
                    
                
            

        

    

                                

                            
                        

                    

                

                

                
                    
                        	Gianluca Castellani1,2, 
	Christian Zweifel1, 
	Dong-Joo Kim1,3, 
	Emmanuel Carrera1, 
	Danila K. Radolovich1,4, 
	Piotr Smielewski1, 
	Peter J. Hutchinson1, 
	John D. Pickard1 & 
	…
	Marek Czosnyka1,5 

Show authors
                        
    

                        
                            	
            
                
            723 Accesses

        
	
            
                
            45 Citations

        
	
            Explore all metrics 
                
            

        


                        

                        
    
    

    
    


                        
                    
                


                
                    Abstract
Object
Plateau waves often develop in neurointensive care patients. They are sudden increases in intracranial pressure (ICP) that lead to dramatic decreases of cerebral perfusion pressure (CPP) and can therefore contribute to ischemic secondary brain insult. The aim of this study was to analyze the occurrence of plateau waves in head injured patients requiring neurocritical care, their relation with cerebral autoregulation and impact on outcome.
Methods
Data were analyzed retrospectively in 444 head injured patients admitted to Neuroscience Critical Care Unit of Addenbrooke’s Hospital in Cambridge, UK. Arterial blood pressure (ABP), intracranial pressure (ICP), heart rate (HR) were digitally recorded and derived indices calculated. Primary monitoring data, autoregulation indices, outcome of patients, initial CT findings (in a subgroup of patients), brain tissue monitoring data (in a subgroup) were compared between patients who developed plateau waves and those who did not.
Results
Plateau waves were observed in 109/444 patients (24.5%). They were significantly more frequent in younger patients. Impaired cerebrovascular pressure reactivity and depleted compensatory reserve were associated with vasodilatation on the top of the wave. Plateau waves were not associated with poorer outcome unless the episodes lasted for a long time (longer than 30–40 min). Plateau waves were more frequently seen in patients with lesser midline shift, lower volume of contusion on CT scan, absence of skull fractures, and lower brain tissue concentration of carbon dioxide.
Conclusions
Plateau waves are frequent phenomenon. They are not associated with worse outcome unless they lead to sustained intracranial hypertension.



                    
    


                    

                    
                        
                    


                    
                        
                            
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Current state of high-fidelity multimodal monitoring in traumatic brain injury
                                        
                                    

                                    
                                        Article
                                         Open access
                                         19 October 2022
                                    

                                

                                Caroline Lindblad, Rahul Raj, … Eric P. Thelin

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Guidelines for Neuroprognostication in Critically Ill Adults with Moderate–Severe Traumatic Brain Injury
                                        
                                    

                                    
                                        Article
                                         Open access
                                         17 February 2024
                                    

                                

                                Susanne Muehlschlegel, Venkatakrishna Rajajee, … Thomas Westermaier

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Guidelines for the Acute Treatment of Cerebral Edema in Neurocritical Care Patients
                                        
                                    

                                    
                                        Article
                                         Open access
                                         15 May 2020
                                    

                                

                                Aaron M. Cook, G. Morgan Jones, … Lori Shutter

                            
                        

                    
                

            
        
            
        
    
                        
                    

                    
                        
                            
    
        
            
            Use our pre-submission checklist
            
            
            Avoid common mistakes on your manuscript.

        

        
            
                
            
        

    


                        

                    

                    
                        
                                
                                    Introduction
Plateau waves develop in patients suffering from various cerebral pathological conditions including head injury [1], benign intracranial hypertension [2], subarachnoid hemorrhage [3], brain tumors, acute hydrocephalus [4], and craniosynostosis [5].
They were first described by Janny in 1950 and the term “plateau wave” was proposed by Lundberg in 1960 (they were also called Lundberg “A waves”) [6]. Plateau waves are characterized by a sudden increase in intracranial pressure (ICP) (Fig 1) [7] from normal or slightly elevated pressure to gross intracranial hypertension. Arterial blood pressure (ABP) remains stable or varies modestly during the wave. Therefore the increase in ICP may lead to a decrease in cerebral blood flow and a secondary brain insult [8]. Consistent elevation of ICP above 40 mmHg associated with a decrease in cerebral perfusion pressure (CPP) (CPP = mean ABP − ICP) that lasts longer than 5 min can be considered as a plateau wave.
Fig. 1[image: figure 1]
Example of recording of arterial pressure (ABP), intracranial pressure (ICP), cerebral perfusion pressure (CPP), and pressure reactivity index (PRx) in a patient after head injury. Plateau wave of intracranial pressure is clearly visible reaching sustained hypertension of over 50 mmHg; ABP remains relatively stable throughout whereas CPP drops. Note low PRx values (good autoregulation) immediately preceding the wave and then its increase to maximum value of 1 (totally exhausted autoregulation) during the wave


Full size image


                     The accepted mechanism of a plateau wave is a vasodilatatory cascade as the model proposed by Rosner and Becker [1]. The cascade is initiated by vasodilatatory stimulation, for example an initial reduction in arterial pressure. Rapid increase in cerebral blood volume leads to a rise in ICP, decrease in CPP, further vasodilation, further rise of ICP, etc., until the maximum vasodilation is reached. A vasoconstrictive stimulus stops this mechanism, reverses the cascade to produce a vasoconstrictory cycle, and restores a normal ICP.
Many clinical studies have been conducted over past decades regarding plateau waves [8–11].
Is this subject worth re-evaluation? The occurrence of sudden and deep intracranial hypertension frequently provokes a ‘state of alert’ at the bedside of neurocritical care patients. Various strategies for the management of ICP plateau waves have been proposed, including short-term hyperventilation, bolus injection of hypertonic saline, or administration of indomethacin [10]. Since the clinical meaning of this phenomenon is still not fully clear, we decided to appraise plateau waves after TBI. In a population of 444 head injured patients (1997–2007), we retrospectively determined the frequency of plateau waves, the clinical correlates of their occurrence, and analyzed the possible relationship between plateau waves and outcome. Furthermore, we characterized changes in other physiological parameters relevant to cerebral dynamics during the waves.


Materials and Methods
Patients
Data were analyzed retrospectively in 444 head injured patients who were admitted to the Neuroscience Critical Care Unit at Addenbrooke’s Hospital, Cambridge, UK, between 1997 and October 2007.
All the patients were sedated with Propofol, Fentanyl was used for analgesia. They were ventilated to achieve a PaCO2 of 4–4.5 KPa. Patients’ conditions were managed according to the in-house algorithm, which is based on ICP and CPP monitoring [12, 13]. Volume expansion, dopamine, and or norepinephrine were used to achieve a CPP of at least 70 mmHg. ICP higher than 20 mmHg was treated actively. ICP was monitored using Codman intraparenchymal microsensors. Arterial blood pressure was monitored directly from radial artery.
In a subgroup of 26 patients, a Neurotrend sensor was used to measure brain tissue oxygenation, CO2 content, HCO3, pH, and temperature.
Computer-processed CT scan data from 109 patients (included in another study [14]) were examined for the presence of subarachnoid and intraventicular blood, skull fractures, craniotomy, midline shift, volume of high or mixed-density lesions, width of ventricles were analyzed and Marshall Score was determined.
Before 2000 classic CPP-oriented protocol was used [12]. Later, mixed CPP/ICP protocol [13] was introduced with subsequent modifications. Neither of these protocols included explicit treatment of plateau waves. When possible, nursing staff was instructed to use hyperventilation with Ambu-bag to reverse vasodilatatory cascade [15]. Computer recorded ICP and arterial pressure were analyzed continuously and plateau waves were described ‘as they happened.’ It was impossible to recall in how many cases they were treated actively; our best assessment is that hyperventilation was used in less than 7% of waves. Therefore, our retrospective data can be interpreted as ‘natural history’ of occurrence of plateau waves post-head injury in ventilated patients. Any analysis of efficacy of the treatment was impossible.
Patients underwent clinical follow up after discharge and their outcome was assessed with Glasgow Outcome Scale
Data Capture and Analysis
Data were analyzed using ICM or (from 2004 onwards) ICM+ software [16, 17] in real time and saved on a computer hard disk. Mean values of ICP, ABP, and CPP were calculated as time averages every minute.
The ICP waveform consists of three kinds of waves, which overlap in the time domain, but can be separated in the frequency domain. The pulse waveform has several harmonic components; of these the fundamental component has a frequency equal to a heart rate. The amplitude of this component (AMP) was analyzed using frequency analysis and stored for further processing. The second component is the respiratory waveform, reflecting frequency of the respiratory cycle (8–20 cycles per minute). ‘Slow waves’ were defined as the signal fluctuation (described in frequency domain) in the frequency range of 0.05–0.0055 Hz (20 s to 3 min period). The magnitude of these waves was calculated as the square root of the total power of the ICP signal in this frequency range.
Additionally, three secondary indices, describing compensatory reserve and vascular reactivity were calculated. The RAP index (correlation coefficient (R) between AMP amplitude (A), and mean ICP (P)) was derived using linear correlation between 40 consecutive data points obtained from time averaging of AMP and ICP samples acquired over 6 s. This index indicates the degree of correlation between AMP and mean ICP over short periods of time (~4 min). Its clinical significance has been discussed before [10]. A RAP coefficient close to 0 indicates good pressure–volume compensatory reserve at low ICP. When RAP rises to +1, AMP varies directly with ICP and this indicates that compensatory reserve is low; therefore, any further rise in volume will produce a rapid increase in ICP. Following head injury and subsequent brain swelling RAP is usually close to +1. With further increase in ICP, AMP decreases and RAP values fall below zero. This occurs when the cerebral autoregulatory capacity is exhausted and the pressure-volume curve bends to the right as the capacity of cerebral arterioles to dilate in response to a CPP decrement is exhausted, and they tend to collapse passively.
The pressure-reactivity index (PRx) assesses the cerebrovascular pressure reactivity by observing the response of ICP to spontaneous changes in ABP [11]. Using computational methods similar to calculation of the RAP index, PRx was determined by calculating the correlation coefficient between 40 consecutive data points, resulting from time-averaging of ICP and ABP signals (with a width of moving-average window of 6 second). A positive PRx signifies a positive gradient of the regression line between the slow components of ABP and ICP, which we hypothesize to be associated with a passive behavior of a non-reactive vascular bed. A negative value of PRx reflects a normally reactive vascular bed, as ABP waves provoke inversely correlated waves in ICP.
The third index, called RAC (correlation (R) between pulse amplitude of ICP (A) and CPP (C)) describes cerebrovascular reactivity, probably reflecting changes in compliance of cerebral arterial bed when CPP changes. Normally, a decrease in CPP produces decrease in the tension of arterial smooth muscles, increase in their compliance, and better transmission of arterial pulse to pulsations of pressure in CSF and brain tissue, increasing pulse amplitude of ICP. Therefore, with reactive vessels, RAC is negative. Increasing RAC denotes worsening of vascular reactivity. All above parameters were calculated prospectively.
Plateau waves were identified with visual analysis of the recorded waveforms of each patient. A consistent rise in ICP above 40 mm Hg lasting minimum of 5 min was considered as a plateau wave in the case ABP was stable, leading to a decrease in cerebral perfusion pressure below 70 mmHg.
Statistical Analysis
Differences between overall averaged (over total time) values of each monitoring and clinical variables describing individual patients with and without plateau waves were analyzed using non-parametric unpaired (Mann–Whitney U) tests. This method was also used for the comparison of CT findings (midline shift, volume of blood collection). Differences between male: female ratio, presence of subarachnoid blood, fractures, intraventicular blood, and Marshall Grade were analyzed using Chi-square tests.
In each episode of plateau wave the median values for each variable recorded during the plateau wave with the median value recorded 20 min before the beginning and 20 min after the end of the plateau wave were compared using paired non-parametric (Wilcoxon) test.
The relationship between the length of the waves and outcome was analyzed using rank correlation. The statistical analysis was performed with SPSS 16.0 (SPSS Inc, Chicago, IL, USA). A probability value of less than 0.05 was considered as statistically significant.


Results
Descriptive Analysis of Waves
Of the 444 patients, 109 had plateau waves (24.5%). The male: female ratio of the whole group was 350:94 and the mean age was 36.3 (±16.4) years. The median Glasgow Coma Score (GCS) at admission was 6 (range 3–13); 10% of patients had initial GCS >9 but deteriorated later requiring intensive care treatment. A typical episode of plateau wave is shown in Fig. 1.
The average number of waves in the plateau wave (PW) group was 10 (±8) per patient (median value was 7). Seven patients (6.5%) developed just a single wave. One patient developed 43 waves. The mean length of PW was 31.2 min (range 6–130). The median day of appearance of the PW was the third day postinjury. Fifteen patients developed the first wave on the day of injury.
Comparison of Patients with and without Plateau Waves
The clinical characteristics and averaged brain monitoring parameters between patients with and without plateau waves are presented in Table 1. There was no significant difference between genders in two groups (no plateau wave group male: female 263/72; with plateau wave male: female 87/22; P = 0.443).There was a slight, but significant, difference in age between the two groups. Younger patients tended to develop plateau waves more frequently.
Table 1 Comparison of recorded hemodynamic parameters between patients with and without plateau waves (median and [25, 75% quartiles] given)Full size table


                        There was no significant difference in the GCS at admission between the two groups. The lack of significant difference persisted if patients with initial GCS less than 9 were compared.
Patients with plateau waves had slightly higher baseline ICP, worse compensatory reserve (RAP was greater), and better vascular reactivity (lower RAC index) (see Table 1).
In the subgroup of patients monitored with Neurotrend sensors there was a significant difference in the brain tissue CO2 concentration (slightly lower in the patients who developed plateau wave: no plateau 6.41 kPa [6.13 kPa, 6.74 kPa], plateau 5.96 kPa [5.16 kPa, 6.23 kPa]; P value 0.05), significant difference in pH (no plateau 7.12 [7.09, 7.16], plateau 7.26 [7.22, 7.29]; P value 0.009), and HCO3 concentration (no plateau 15.63 mmol/L [14.80 mmol/L, 18.71 mmol/L], plateau 21.11 mmol/L [17.71 mmol/L, 21.87 mmol/L]; P value 0.016).
Outcome was not associated with the number of waves, neither peak ICP during plateau wave nor with minimum CPP at peak plateau. However, there was strong correlation between duration of waves and outcome (Fig. 2, rank correlation R = 0.42; P < 0.0001) indicating that long elevation of ICP (more than 30–40 min, assessed with maximum of F statistics using discriminate analysis) leads to unfavorable outcome.
Fig. 2[image: figure 2]
Significant correlation between length of single waves and poorer outcome. This could be due to the fact that longer PW could lead to ischemic damage while short waves do not determine permanent injury. After rejection of two outliers (waves longer than 120 min), correlation is still significant (R = 0.40; P < 0.0002)


Full size image


                        CT Findings
We have analyzed initial CT findings in a subgroup of 109 of our patients that was enrolled in another study (12) and had scans saved in digital form. Thirty of these patients developed plateau waves.
Computerized tomography scans were reviewed in their original form and graded according to the modified Marshall CT scan classification [18]. Volumes of high or mixed density lesions (in cm3 were calculated by delineating the area of the lesion (cm2) on each slice and multiplying the area by the slice thickness (cm). Midline shift was measured in centimeters at the level of maximum deviation.
Significant differences were found in midline shift (no plateau waves: 0.42 [0.00, 0.78] cm versus plateau waves patients 0.12 [0.00, 0.04] cm; P value 0.001), presence of fractures (fractures in 25 out of 69 in patients without plateau waves vs 5 out of 30 patients with plateau waves; P value 0.004), and, in the volume of the lesions (no plateau waves patients 10.01 [0.93, 34.97] cm23 versus patients with plateau waves 3.39 [0.00, 12.44] cm3; P value 0.033).
We analyzed the association of plateau waves with Marshall Grade from 1 to 4 and did not find any significant difference in occurrence of waves.
Characterization of a Single Plateau Wave
Data summarizing cerebral monitoring parameters before, during, and after the wave are shown in Table 2 and illustrated in Fig. 3.
Table 2 Values of cerebral monitoring parameters of the patients before, during, and after the plateau waveFull size table


                           Fig. 3[image: figure 3]
Averaged values (mean and 95% confidence limits for means) of mean arterial blood pressure (mABP), intracranial pressure (ICP), cerebral perfusion pressure (CPP), and pressure-reactivity (PRx) values before, during and after the plateau waves’. There is a drop of CPP during PW episodes, secondary to the rising of ICP and stable ABP values. Significant variation of PRx indicates loss of autoregulation secondary to massive vasodilation during the wave


Full size image


                        Significant differences were found in the values of ICP and CPP, while ABP value did not change in a consistent way. There was a significant increase in the PRx value, which indicates vasodilatation (and loss of reactivity) during the wave.
The RAP index increased significantly during the wave. This may indicate further deterioration of cerebral compensation due to increase in cerebral blood volume when the wave occurs.


Discussion
This study has shown that plateau waves, occurring in approximately a quarter of TBI patients, are common in head injured patients in intensive care.
The occurrence of plateau waves is not associated with worse outcome, unless they are particularly long (30–40 min or longer—see Figs. 2, 4).
Fig. 4[image: figure 4]
Example of a long plateau wave. ICP was above 40 mm Hg for 2 h. Data were obtained in 1997. This wave was not treated actively (it happened around midnight). Patient had arterial saturation 97% and PaCO2 33.2 mmHg


Full size image


                     Hyperventilation, boluses of saline, mannitol or indomethacin [10] have been reported as useful in the past, i.e. they ended the waves in TBI patients. However, in these patients we were not able to distinguish waves interrupted by active treatment or self-terminated. We previously reported usefulness of short-term hyperventilation [15] but this was not used consistently and only in no more than 7% of waves.
Poor outcome after TBI is associated with sustained high ICP ([19, 20]), hence long plateau waves can be interpreted in equally bad prognostic way as refractory intracranial hypertension.
Short plateau waves, even when frequent, are not associated with worse outcome, probably because the period with low perfusion is not long enough to lead to irreversible ischemic injury. However, this is still not definite. In our material we identified one case (less than 1%) when the occurrence of short plateau waves was followed by a sustained intracranial hypertension, brain stem herniation, and death (see Fig. 5).
Fig. 5[image: figure 5]
Recording of arterial pressure, intracranial pressure, cerebral perfusion pressure, and pressure reactivity of the single patient in which several plateau waves (before midnight on 1/11, first wave was long: 50 min, two remaining 20 min and 32 min) preceded sustained intracranial hypertension, leading to brain-stem herniation. Patient died. X-axis: time in format day h:m


Full size image


                     A recent study [19] highlighted the role of the “dose” of intracranial hypertension in relation to outcome. From this perspective, the dose of intracranial hypertension delivered by short plateau waves should not be considered as sufficient to lead to the development of significant ischemic brain damage.
Plateau waves were associated with less midline shift and lower volume of lesion seen on initial CT. They are global phenomena, involving rather whole brain. There is no solid proof in our study, but combination of brain asymmetry and plateau-elevated ICP above 40 mm Hg would produce a really detrimental brain insult.
A previous study [15], in a smaller cohort of patients, showed a lower mortality in plateau waves patient; however, in that study the median duration of PW was 12.8 min, while in our patients was 31.2 min, so the period of impaired CPP was shorter. Also, in the previous study the median age of patients was 29 years, while now it is 36.3 years. Plateau wave patients are younger than patients without waves, but still older than the patients of the previous study.
Occurence of plateau waves is associated with positive prognostic factors: lower age and better cerebral autoregulation. Intact autoregulation is necessary to develop ‘vasodilatatory cascade’ initiating plateau wave [1, 15].
Our study does not suggest unequivocally that plateau wave should be treated actively. To address this point, prospective comparative study, with two groups including treatment and no active treatment of plateau waves should be performed. Association of duration of plateau wave and poorer outcome does not implicate any suggestion what is chicken and what is egg. On the other hand, knowing that intracranial hypertension contributes to poor outcome, it is logical to suggest that appearance of short plateau waves (5–15 min) is not a reason for immediate alarm, provided that they are treated appropriately, not allowing periods of raised ICP to last for longer than 20-40 min.
Findings presented in our study are consistent with a theory of vasodilatatory cascade developing in patients with plateau waves. Maximal vasodilatation, on top of plateau waves [21] is associated with depletion of pressure reactivity (increase of both PRx and RAC indices). The cascade has a chance to develop in patients with good autoregulation but worse compensatory reserve, as indicated by greater RAP index. Finally, autoregulation should be functional before the onset of cascade, as indicated by lower RAC index before the wave.
Patients with plateau waves had slightly, but significantly, lower brain tissue CO2 values. Probably this could be due to greater “vasodilatatory capacity” necessary to initiate vasodilatatory cascade and develop plateau waves.
Limitations
There are numerous limitations to this study: All the data have been analyzed retrospectively, over a long period (10 years). Therefore, the patient population and the diagnostic and therapeutic tools have not been always the same within this period. We decided to analyze (from technical reasons) the CT data in about one-quarter of patients only. Our cohort is only representative of one regional hospital of England. Incidence of plateau waves could be different in a center following different TBI management protocols.


Conclusions
Plateau waves are a frequent phenomenon and most likely result from vasodilatatory cascade. They are not associated with worse outcome unless they lead to sustained intracranial hypertension (longer than 30–40 min).
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