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shown in Fig. 5 indicate that even within an individual pa-
tient the short-term linear relationship between static and 
pulsatile ICPs undergoes both gradual drifts and abrupt 
shifts. The drift phenomenon is illustrated by the move-
ment of recent data points relative to the background of 
past data, while the shift phenomenon is evident from the 
relative movement of the right- and left-hemisphere trend 
lines from one frame to the next. Notably, the mean cor-
relation coefficient between measurements of mean ICP 

made in the right and left frontal lobes was 0.61, while the 
corresponding mean correlation coefficient for pulsatile 
ICP was 0.93.

In this data set of 197 ICP recordings, ICP shifts de-
fined as change in mean ICP > 2.5 mm Hg combined with 
change in ICP wave amplitude < 2.0 mm Hg between suc-
cessive 6-second time windows occurred approximately 
every 2.3 hours, while ICP shifts defined as change in 
ICP wave amplitude > 2.0 mm Hg combined with change 

Fig. 5.  Scatter plots from 24 hours of simultaneous paired recordings using identical sensors placed in the left and right frontal 
lobe parenchyma of a patient. Each subfigure corresponds to a time point as indicated by the plot label. Recent data points are 
plotted in color against a background of past data (red and blue points correspond to data from the right and left hemispheres, 
respectively), with past data plotted in gray (darker shades indicate later data points). The data shown in this figure indicate that 
even within an individual patient the short-term linear relationship between static and pulsatile ICPs undergoes abrupt shifts and 
gradual drifts. The shift phenomenon is evident from the relative movement of the right- and left-hemisphere trend lines from one 
frame to the next, while the drift phenomenon is illustrated by the movement of recent data points relative to the background of 
past data.
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in mean ICP < 2.5 mm Hg between successive 6-second 
time windows occurred less frequently, approximately 
every 3.3 hours.

Discussion
Clinical Correlation

The present data help explain several clinical obser-
vations that are incompatible with the traditional view of 
the relationship between static and pulsatile ICPs. Re-
cent observations have indicated that pulsatile ICP may 
be high (> 5 mm Hg), indicating impaired intracranial 
compliance, even when the mean ICP is low (< 15 mm 
Hg).5,11–13 In patients with SAH, the acute clinical state 
and final outcome were worse when pulsatile ICP was 
high even though the mean ICP was maintained within 
normal limits.12,13 Reducing pulsatile ICP improved the 
clinical state even though the mean ICP was within the 
normal range.13 When hypertonic saline was given to re-
duce ICP in patients with SAH, the target level of mean 
ICP (< 15 mm Hg) was reached in 65% while the target 
of ICP wave amplitude (< 5 mm Hg) was reached in only 
35% of interventions, indicating that intracranial com-
pliance was still reduced despite a normal mean ICP.5 
Taken together, these observations are incompatible with 
the traditional model of the ICP-volume relationship, es-
pecially with regard to the prevailing clinical thresholds 
for static and pulsatile ICPs that are thought to indicate 
failure in intracranial compliance, as well as the notion 
that static and pulsatile ICPs are strictly correlated in a 
time-invariant, linear manner. The findings we present 
here highlight the need for a better understanding of the 
relationship between static and pulsatile ICPs.

Another still unanswered question is whether pulsa-
tile ICP is more helpful than mean ICP in guiding pa-
tient care. An ongoing study is exploring how critical care 
management according to static and pulsatile ICP relates 
to outcome after SAH (http://clinicaltrials.gov/ct2/show/
NCT00248690).

Other observations incompatible with a traditional 
understanding of the ICP-volume relationship are that dif-
ferent ICP sensors placed nearby within the brain paren-
chyma of an individual with SAH can show very different 
mean ICP values, even though the ICP wave amplitudes 
are identical.9 Such observations clinically validate the 
finding presented here, that there often exists a decorrela-
tion between high mean ICP and high pulsatile ICP.

Mean ICP is traditionally interpreted as an indica-
tor of intracranial compliance in the sense that mean ICP 
above a certain clinically defined threshold value is taken 
to indicate decompensated intracranial compliance. How-
ever, patient-to-patient variability in the data we present 
indicates that threshold ICP values marking the transi-
tion to decompensated intracranial compliance are very 
likely patient specific. Others22 have noted the importance 
of patient-to-patient variability in this context as well. It is 
probably not meaningful to define a clinical threshold for 
mean ICP above which any patient is considered to have 
experienced a failure in autoregulation and decompensa-
tion of intracranial compliance. The problem of deter-

mining whether a particular patient has experienced such 
decompensation can perhaps be approached by consider-
ing not only mean ICP but also additional physiological 
data obtained through continuous monitoring, such as the 
present state of the pulsatile ICP and the historical corre-
lation between static and pulsatile ICPs in the individual 
patient. For example, a recent history of strong correlation 
between static and pulsatile ICPs, combined with high 
mean ICP and large ICP waveform pulsations, provides 
a case for greater failure of intracranial compliance than 
high mean ICP alone.

Decorrelation Between Static and Pulsatile ICPs During 
Long-Term Monitoring

The traditional understanding of intracranial compli-
ance through the ICP-volume curve holds that static and 
pulsatile ICPs typically exhibit a fixed linear relationship. 
In contrast to this view, we have found that the linear re-
lationship between mean ICP and mean ICP wave ampli-
tude changes, even in individual patients, on time scales 
of hours. Our findings are based on nearly 2 million ob-
servations made in a controlled clinical setting, during 
multiple sessions of multihour ICP recordings in a cohort 
of 39 patients with SAH.

A fixed linear relationship between static and pulsa-
tile ICP would imply that a high mean ICP should cor-
relate with a high mean ICP wave amplitude, while a low 
mean ICP should correlate with a low mean ICP wave 
amplitude. Contrary to this expected relationship, we 
found that in 37.6% of observations, either high ICP (≥ 15 
mm Hg) was observed in the context of a low mean ICP 
wave amplitude (< 5 mm Hg) or vice versa (Table 1). The 
expected association (high ICP with high wave amplitude 
or low ICP with low wave amplitude) was maintained 
only in the remaining 62.4% of observations.

It may also be important to note an additional way in 
which static and pulsatile ICP can be decoupled. Mathe-
matically, the window-averaged mean of a waveform does 
not depend on waveform amplitude. Theoretically, it may 
depend on the integral of the waveform over the selected 
time window, and the value of this integral is determined 
by overall waveform shape. As a result, the mean ICP 
might change independently of the ICP waveform if the 
shape of the waveform changes. Waveforms with identical 
amplitudes can have different means and waveforms with 
identical means can have different amplitudes, so that the 
degree to which waveform shape can be physiologically 
altered might reflect the degree of decorrelation between 
mean ICP and ICP wave amplitude. Waveform shape 
analysis performed in real time by monitoring pulsatility 
parameters can explain, in principle, why it is possible to 
observe ICP waves with high amplitude and low mean 
ICP and vice versa. In the present study, we did observe 
considerable variability in waveform shape both within 
and across patients. However, as indicated by the results 
of our multivariate regression studies, such changes were 
not the dominant reason for the reported long-term decor-
relation between mean ICP and ICP wave amplitude.

While we are unaware of any correlation between 
clinical events and the shift and drift phenomena we de-
scribe, one possible partial explanatory mechanism re-
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lates to postural changes. Such changes are known to re-
distribute CSF in fluid compartments, resulting in abrupt 
changes in the mean ICP with no corresponding changes 
in the ICP wave amplitude. Still, it should be noted that 
the parameters mean ICP and mean ICP wave amplitude 
referred to here were determined simultaneously during 
the same 6-second time windows (observations). Hence, 
these pressure parameters were not differently affected 
by activities taking place within the intensive care unit, 
such as manipulation of the patient, medication, or type 
of respiratory support. Moreover, the 6-second time win-
dows used for analysis were accepted according to the 
algorithm for automatic single wave identification.9 The 
6-second time windows containing signals corrupted by 
unacceptable levels of noise were not included for analy-
sis to ensure that only the cardiac-beat–induced pressure 
waves (and not pressure waveform artifacts) were consid-
ered.

It is important to note that measurement of ICP pul-
satility parameters does not preclude simultaneous moni-
toring of the mean ICP. As in the present study, a single 
transducer can be used to monitor static ICP and pulsatile 
ICP parameters. Real-time analysis of a single pressure 
signal from a standard ICP transducer can convert that 
signal into a mean ICP trace and a train of pulsatility pa-
rameter values. Thus, ICP pulse amplitude need not en-
code the same physiological information as the mean ICP 
to prove useful as a clinical indicator, as modern clinical 
systems are capable of monitoring static and pulsatile ICP 
parameters simultaneously, and even of generating plots 
such as those shown in Figs. 4 and 5 in real time.

Abrupt Shifts and Gradual Drifts as Main Source to  
Decorrelation

We have investigated the source of the long-term 
decorrelation between static and pulsatile ICPs and found 
that it is due primarily to abrupt shifts and gradual drifts 
in ICP parameters.

The shift and drift phenomena reflect noise processes 
of physiological origin as well as sensor-associated mea-
surement noise. In mathematical terms, noise refers to the 
variance of measured quantities. Because noise processes 
can affect the measurement of static and pulsatile ICPs 
independently, noise-related events can cause the short-
term linear relationship between these parameters to vary 
over time. The overall average frequency with which we 
observed significant perturbations to the short-term lin-
ear relationship between static and pulsatile ICPs (major 
shifts as defined in Results as either a change in static 
ICP of > 2.5 mm Hg or a change in pulsatile ICP of > 2 
mm Hg over successive 6-second observation windows) 
was approximately once per 55 minutes. Thus, observa-
tions over periods shorter than ~ 55 minutes are likely to 
show strong correlation between static and pulsatile ICPs, 
whereas the linear relationship between these parameters 
will be observed to change over longer time scales. While 
the relatively low prevalence of the data acquisition sys-
tems required to compute, monitor, and store ICP-de-
rived parameters may have precluded studies over such 
long time scales in the past, clinical use of multichannel 
data acquisition systems with massive storage capacity 

is becoming more widespread. Importantly, it was only 
through the use of such a system, unavailable to many 
research teams until recent years, that we were able to 
make the observations reported here.

Our analysis of random variation in ICP parameters 
indicates that measurements of pulsatile ICP are more 
robust to noise than traditional measurements of mean 
ICP, and for this reason might serve as useful adjunct 
measurements in the clinical interpretation of mean ICP. 
The increased robustness of pulsatile relative to static ICP 
measurements may arise from the inherently differential 
nature of ICP wave amplitude. Static measurements of 
ICP are comparisons of a measured pressure to a baseline 
reference pressure, and as a result they are subject to fluc-
tuations associated with perturbations in the pressure ref-
erence. Waveform amplitude measurements are immune 
to such common-mode perturbations because waveform 
amplitude measurements do not rely on an external ref-
erence pressure but rather compute a differential-mode 
quantity. As indicated in Fig. 1, the dP is defined as a dif-
ference between pressure measurements at 2 time points 
spaced sufficiently close together that significant refer-
ence point variation does not have time to occur.

The different character of static and pulsatile ICP 
measurements also explains the partial independence 
of the noise associated with these 2 quantities. This in-
dependence in turn implies that pulsatile ICP measure-
ments, as adjunct indicators, could help validate clinical 
measurements of mean ICP when fluctuations in static 
and pulsatile ICPs are strongly correlated, while caution-
ing against the use of less reliable fluctuations in mean 
ICP when such changes do not correlate with variations in 
pulsatile ICP. Clinical decisions involving ICP need not 
be based solely on isolated values of mean ICP relative 
to a fixed threshold. More detailed impressions of intra-
cranial physiology may be inferred by tracking the recent 
history of static and pulsatile ICP.

To investigate a mechanistic cause of the nonlinear 
relationship between mean ICP and ICP pulse amplitude, 
further systematic assessment of alterations of intracra-
nial characteristics may be considered. In experimental 
data analysis in animals, the canine intracranial system 
changes under normal and elevated ICP have been char-
acterized using transfer function analysis23 and time-vary-
ing transfer function analysis applied to the arterial blood 
pressure waveform as the input signal and the ICP wave-
form as the output signal.23 The results suggest that free 
movement of CSF may play an important role in absorb-
ing strong arterial pulsations under normal conditions. It 
can be speculated that a pathological disease state might 
cause a dysfunction of the pulsation absorber mechanism. 
Based on the results from the experimental data analysis 
in animals23 and the present studies, we conjecture that 
further studies may reveal that the elevated ICP pulse am-
plitudes observed in pathological states may be a result of 
dysfunction or reduced function of the pulsation absorber 
mechanism.

Conclusions
The prevailing model of ICP physiology suggests that 
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mean ICP should be understood as an indicator of the in-
tracranial compliance. The same model predicts a stable, 
linear relationship between mean ICP and ICP waveform 
pulse amplitude, whereas the observations we present 
here indicate that the relationship between mean and 
pulsatile ICPs is more complicated than predicted by the 
prevailing model. In particular, the relationship between 
the static and pulsatile components of ICP is not fixed in 
time, but evolves, even in individual patients, over several 
hours. Major causes of decorrelation between static ICP 
(mean ICP) and pulsatile ICP (ICP wave amplitude) dur-
ing long-term monitoring are abrupt shifts and gradual 
drifts of the static and pulsatile ICP parameters. These 
phenomena may contribute to the presence of high pul-
satile ICP, indicative of reduced intracranial compliance, 
despite normal mean ICP in some patients with SAH. 
Further research is therefore needed to understand in-
tracranial fluid dynamics completely, to determine how 
to assess intracranial compliance most accurately during 
continuous monitoring of ICP, and to determine the most 
effective indicators to use in guiding decisions on patient 
management.
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