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Abstract Based on continuous monitoring of the pressure
reactivity index (PRx), we defined individualized intracra-
nial pressure (ICP) thresholds by graphing the relationship
between ICP and PRx. We hypothesized that an “ICP dose”
based on individually assessed ICP thresholds might corre-
late more closely with 6-month outcome compared with ICP
doses derived from the recommended universal thresholds of
20 and 25 mmHg. Data from 327 patients with severe trau-
matic brain injury (TBI) were analyzed. ICP doses were
computed as the cumulative area under the curve above the
defined thresholds in graphing ICP versus time. The term
Dose 20 (D20) was used to refer to an ICP threshold of
20 mm Hg. The markers D25 and DPRx were calculated
similarly. The discriminative ability of each dose with regard
to mortality was assessed by receiver operating characteris-
tics analysis using fivefold cross-validation (CV). DPRx was
found to be the best discriminator of mortality, despite the
fact that D20 was twice as large as DPRx. Individualized
doses of intracranial hypertension were stronger predictors
of mortality than doses derived from the universal thresholds
of 20 and 25 mm Hg. The PRx could offer a method of indi-
vidualizing the ICP threshold.
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Introduction

Intracranial hypertension has been closely linked to adverse
outcomes after severe traumatic brain injury (TBI). Data
from observational studies and noncontrolled series have
suggested thresholds ranging from 15 to 25 mmHg [1, 8, 12,
14, 16]. The latest guideline of the Brain Trauma Foundation
(BTF) identified a lack of level-1 evidence and recognized
that, rather than accepting a generic, absolute intracranial
pressure (ICP) threshold, an attempt should be made to indi-
vidualize thresholds based on patient characteristics [3].
Cerebrovascular pressure reactivity is defined as the ability
of vascular smooth muscle to respond to changes in transmu-
ral pressure and is one of the key mechanisms responsible for
the autoregulation of cerebral blood flow [13]. Pressure reac-
tivity can be determined by observing the response of ICP to
changes in mean arterial pressure and is monitored via the
pressure reactivity index (PRx), as suggested by Czosnyka
et al. [6, 7, 17]. We defined patient-specific, pressure
reactivity-guided ICP thresholds by graphing the relation-
ship between ICP and PRx over the total monitoring time for
each patient. We hypothesized that an “ICP dose” based on a
disturbed pressure reactivity ICP threshold might correlate
more closely with clinical outcome compared with an ICP
dose calculated using the generic, recommended thresholds
of 20 and 25 mmHg. The detailed findings of this study have
been already published in the Journal of Neurosurgery. Here,
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we provide a synopsis of our work and make a further
comment relating to previously unpublished findings on the
absolute doses of intracranial hypertension.

Materials and Methods

We retrospectively analyzed anonymized digital recordings
of arterial blood pressure (ABP) and ICP waveforms from
327 consecutive patients with severe TBI who were admitted
to the neurocritical care unit at Addenbrooke’s Hospital
between 2003 and 2009. The clinical outcome at 6 months
was assessed using the Glasgow Outcome Scale (GOS) [10].
Physiological signals were recorded using a laptop computer
with ICM+ software (University of Cambridge, Cambridge
Enterprise, Cambridge, UK, http://www.neurosurg.cam.
ac.uk/icmplus) [15]. The PRx was calculated as a short-term
moving Pearson correlation coefficient between changes in
30 consecutive 10-s averages of ABP, and corresponding ICP
signals (with an 80 % overlap of data). Based on the continu-
ous measurement and monitoring of PRx we defined patient-
specific, individualized ICP thresholds. These thresholds
were visually identified from graphs of PRx versus ICP over
the total monitoring time for each patient individually. A cut-
off of PRx>0.2 was used; the value for the ICP threshold
was accepted only if the graph showed a distinct change in
PRx values from less than 0.2 to consistently exceeding 0.2.
To quantify the physiological insult from intracranial hyper-
tension, we computed “ICP dose” as the cumulative area
under the curve (AUC) above a defined threshold. The trap-
ezoidal method was used to calculate doses from graphs of
ICP versus time; the ICP “dose” is measured in millimeters
of mercury per hour (mm Hg*h) [18]. For an ICP threshold
of 20 mmHg, we named this Dose 20 (D20). Using the same
methodology we calculated D25 and DPRx. Identification of
ICP thresholds and calculation of doses were blinded to clin-
ical outcome.

The predictive ability of each dose on mortality was
assessed. Receiver operating characteristic (ROC) curves
were calculated and the AUC was used as a measure of dis-
criminative ability and after adjusting for baseline Glasgow
Coma Scale (GCS) score, age, and sex. Because the observed
AUCs are “over fit” to the data, to determine how well the
ICP doses would perform in terms of prediction, fivefold
cross-validation (CV) of each covariate adjusted model was
performed. Cross-validated results provide an estimate of
how well the different ICP doses would predict mortality in
a new data set. Statistical analyses were performed using
SAS 9.3 and R 2.14.2.

Results

Only the results pertaining to ICP thresholds, doses, and
ROC analysis are reported here. A clearly identifiable thresh-
old, based on the set criteria, was possible in 224 patients
(68 %). Mean, median, interquartile range (IQR), and stan-
dard deviation (SD) for the ICP threshold based on PRx were
25, 24, 20-32, and 10, respectively. Separate logistic regres-
sion models with mortality as the outcome and dose as the
predictor (both alone and adjusted for covariates GCS score,
age, and gender) were fitted. In the covariate adjusted logis-
tic regression model, all doses calculated were significantly
associated with mortality (D20 p<0.0001, D25 p<0.0001,
and DPRx p<0.0001). Further, DPRx (0.81, CI 0.74-0.87)
was found to have the highest AUC over both D20 (0.75, CI
0.68-0.81) and D25 (0.77, CI 0.70-0.83), indicating that it
has the best discriminative ability. Cross-validation con-
firmed the results of the observed AUCs; in the cross-
validated model, DPRx was still the best predictor of
mortality (DPRx AUC 0.77, 95 % CI 0.68-0.89; D20 0.72,
95 % CI 0.66-0.81; and D25 0.65, 95 % CI 0.56-0.73).
Mean D20 was 1,055 mmHg*h vs 478 mmHg*h for DPRx
(»<0.0001). The relationship between ICP doses and mean
ICP for all patients is shown in Fig. 1; Fig. 2 depicts the dis-
tribution of DPRx per GOS score, with a statistically signifi-
cant higher dose sustained by patients who died.
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Fig.1 Relationship among Dose 20 (D20), DPRx, and mean intracra-
nial pressure (ICP) for the whole patient cohort. Higher D20 over DPRx
can be appreciated within the range of 15-25 mmHg of mean ICP
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Fig.2 Distribution of DPRx across the Glasgow Outcome Scale out-
come categories. Significantly higher doses were sustained by the
patients who died (p<0.001)

Discussion

We explored the predictive ability of individualized ICP
thresholds based on the PRx, compared with “standard” fixed
ICP thresholds. We found that the ICP doses derived from an
index describing the status of cerebrovascular pressure reac-
tivity were stronger predictors of 6-month mortality than
doses calculated based on the “suggested” ICP threshold of
20 mmHg and also from a second fixed threshold of 25 mmHg.
Recent publications have challenged the traditional under-
standing of the monitoring and treatment of high ICP. The
DECRA trial showed that decompressive craniectomy,
despite effectively reducing ICP, did not translate into
improved neurological outcomes [5]. Our findings are further
pertinent in view of the recent publication of the randomized
controlled trial (RCT) of ICP monitoring in severe TBI by
Chesnut et al. [4] This was the first RCT to compare the man-
agement of intracranial hypertension based on the monitoring
and treatment of ICP above the fixed threshold of 20 mmHg,
versus a protocol based on clinical examination and neuroim-
aging. No benefit of one protocol over the other was found.
An important aspect of interpreting the results should be the
limitation of using fixed, universal ICP thresholds and thus
disregarding patient-specific pathophysiology. We chose to
quantify secondary brain injury due to intracranial hyperten-
sion by using a method that takes into account the cumulative
extent and duration of these episodes. The method computes

a “dose” of intracranial hypertension as the cumulative AUC
above a defined threshold; it takes into account both the
degree and the duration of ICP elevation [2, 9, 11, 18]. An
additional advantage, as pointed out by Vik et al., is that the
predictive power of doses for different thresholds can be
explored. Here, we explored different thresholds by calculat-
ing doses based on pressure reactivity and comparing them
against doses derived from the conventionally accepted
threshold of 20 mmHg and from a second fixed threshold of
25 mmHg, as this is the recommended range in the BTF
guidelines. To our knowledge, this is the first report to attempt
the determination of individualized patient-specific ICP
thresholds in patients with severe TBI, using these thresholds
to quantify ICP dose per patient, and comparing these doses
with those derived from the currently accepted generic thresh-
olds of 20-25 mmHg. It should be noted that the mean dose,
as calculated by the threshold of 20 mmHg, was significantly
larger (double, in fact) than the mean dose derived based on
disturbed PRx; nevertheless, DPRx was a better predictor of
mortality, suggesting that it might not necessarily be the abso-
lute dose that affects outcome, but intracranial hypertension
in the face of ineffective pressure reactivity.

We were able to identify a PRx-based ICP threshold in two
thirds of our patients; apart from technical limitations, an
inability to identify a threshold could be physiologically inter-
preted as a state of dissociation between cerebrovascular pres-
sure reactivity and mean ICP. We conclude that the predictive
ability of individualized ICP thresholds based on the continu-
ous monitoring of cerebrovascular pressure reactivity is stron-
ger than the fixed thresholds of 20 and 25 mmHg, in a large
single-center database of patients with severe TBI. Monitoring
of the PRx could supplement ICP monitoring by offering
patient-specific pathophysiological information.
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