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Abstract 

Background: Guidelines recommend maintaining cerebral perfusion pressure (CPP) between 60 and 70 mmHg in 
patients with severe traumatic brain injury (TBI), but acknowledge that optimal CPP may vary depending on cerebral 
blood flow autoregulation. Previous retrospective studies suggest that targeting CPP where the pressure reactivity 
index (PRx) is optimized  (CPPopt) may be associated with improved recovery.

Methods: We performed a retrospective cohort study involving TBI patients who underwent PRx monitoring to 
assess issues of feasibility relevant to future interventional studies: (1) the proportion of time that  CPPopt could be 
detected; (2) inter-observer variability in  CPPopt determination; and (3) agreement between manual and automated 
 CPPopt estimates.  CPPopt was determined for consecutive 6-h epochs during the first week following TBI. Sixty PRx-
CPP tracings were randomly selected and independently reviewed by six critical care professionals. We also assessed 
whether greater deviation between actual CPP and  CPPopt (ΔCPP) was associated with poor outcomes using multi-
variable models.

Results: In 71 patients,  CPPopt could be manually determined in 985 of 1173 (84%) epochs. Inter-observer agreement 
for detectability was moderate (kappa 0.46, 0.23–0.68). In cases where there was consensus that it could be deter-
mined, agreement for the specific  CPPopt value was excellent (weighted kappa 0.96, 0.91–1.00). Automated  CPPopt 
was within 5 mmHg of manually determined  CPPopt in 93% of epochs. Lower PRx was predictive of better recovery, 
but there was no association between ΔCPP and outcome. Percentage time spent below  CPPopt increased over time 
among patients with poor outcomes (p = 0.03). This effect was magnified in patients with impaired autoregulation 
(defined as PRx > 0.2; p = 0.003).

Conclusion: Prospective interventional clinical trials with regular determination of  CPPopt and corresponding 
adjustment of CPP goals are feasible, but measures to maximize consistency in  CPPopt determination are necessary. 
Although we could not confirm a clear association between ΔCPP and outcome, time spent below  CPPopt may be 
particularly harmful, especially when autoregulation is impaired.
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Background
Following initial resuscitation and, where appropri-
ate, surgical treatment, the critical care of patients with 
severe traumatic brain injury (TBI) emphasizes rigorous 
avoidance of physiologic derangements that may cause 
“secondary” brain injury [1–3]. Abnormalities in cerebral 
perfusion pressure (CPP) are strongly associated with 
poor outcomes. Inadequate CPP induces ischemic injury 
[4–6], while excessive CPP may worsen cerebral edema 
[7–9]. Current guidelines recommend maintaining CPP 
at 60–70 mmHg [10]. However, the patient-specific phys-
iologic impact of variation in CPP is closely intertwined 
with the capacity of the cerebral vasculature to “autoreg-
ulate” cerebral blood flow (CBF), such that it is unlikely 
that a single CPP target range is optimal for all patients.

Global autoregulation can be estimated by determining 
the “pressure reactivity index” (PRx), which is the corre-
lation coefficient between slow fluctuations in mean arte-
rial pressure (MAP) and intracranial pressure (ICP). PRx 
has been validated against modalities that assess CBF 
[11–13], and observational studies suggest that preserved 
autoregulation (i.e., negative PRx value) is associated 
with a greater chance of favorable neurologic recovery 
[14–17].

The ability of cerebral vasculature to autoregulate var-
ies depending on CPP. In many patients, a CPP range in 
which PRx is lowest can be identified, referred to as the 
“optimal” CPP  (CPPopt) [14]. Several observational stud-
ies, as well as a systematic review, have suggested that a 
larger difference between actual time-averaged CPP and 
 CPPopt (ΔCPP) is associated with a greater risk of poor 
outcome [14, 17–19]. Limitations of current data include: 
(1) a very large proportion of published experience 
comes from a single center, which raises questions about 
the generalizability of the findings [19]; (2) there has been 
limited assessment of inter-observer agreement in the 
determination of  CPPopt, and this has only been studied 
among experts in this research area in comparison with 
automated measurement of  CPPopt [20]; and (3) an asso-
ciation with poor outcome has been largely described 
with data that were averaged for the entire monitor-
ing period (several days), even though average CPP and 
 CPPopt may vary considerably from hour to hour. To pro-
spectively apply this technology at the bedside in future 
randomized trials, clinicians will need to regularly reas-
sess  CPPopt every few hours and adjust the CPP target 
accordingly [21]. Previous observational studies have 
largely not analyzed data in this fashion [19].

We performed a retrospective cohort study of severe 
TBI patients in order to simulate the potential bedside 
use of  CPPopt in a future clinical trial.  CPPopt was deter-
mined at 6-h intervals in order to assess: (1) the pro-
portion of time that  CPPopt could be determined; (2) 

inter-observer variability in the manual estimation of 
 CPPopt by inter-professional clinicians, as well as com-
parison of manual and automated  CPPopt determination; 
and (3) the association between ΔCPP and neurologic 
outcome.

Methods
The Research Ethics Board at the University of Calgary 
approved this project. Using a prospectively maintained 
database, we performed a retrospective cohort study 
involving consecutive adult patients (≥ 16  years) with 
severe TBI that underwent continuous ICP and CPP 
monitoring using software that enables calculation of 
PRx (ICM+, Cambridge, UK) in 2012–2016.

TBI Management
The Foothills Medical Center is a level I trauma center 
that provides all trauma and neurosurgical services 
in southern Alberta and admits approximately 60–80 
patients annually with head trauma and a Glasgow 
Coma Scale (GCS) score < 8. Critical care of patients 
with severe TBI was in accordance with a regional pro-
tocol that is based on previous Brain Trauma Founda-
tion recommendations, with some modifications [22]. 
ICP monitors are routinely placed in patients with a GCS 
score ≤ 8 and motor score < 5 (localization toward nox-
ious stimulation). In patients with a motor score of 5, 
the decision to insert a monitor is individualized based 
on the degree of mass effect observed on computed 
tomography (CT). Initial physiologic goals during the 
study period included ICP ≤ 20 mmHg; CPP ≥ 60 mmHg, 
 PaO2 80–120  mmHg,  PaCO2 35–40  mmHg, tempera-
ture ≤ 37.5  °C; hemoglobin concentration ≥ 90  g/L; and 
sodium concentration ≥ 135  mmol/L. ICP management 
utilized appropriate sedation (propofol) and analgesia 
(fentanyl), and was escalated in a step-wise fashion, using 
cerebrospinal fluid drainage, osmotic therapy (20% man-
nitol or 5% saline), mild hypothermia (35 °C), and deeper 
sedation. In patients with refractory intracranial hyper-
tension, the ICP target could be raised to ≤ 25  mmHg, 
and further options included barbiturates or decompres-
sive craniectomy (DC). DC was sometimes performed as 
a “primary” procedure following surgical evacuation of a 
space occupying lesion [23]. PRx data were available to 
clinicians to use at their discretion, but was not incorpo-
rated into the routine treatment protocol.

Clinical variables were prospectively recorded into a 
database and included (among many other variables) 
GCS score, pupillary light reactivity, and radiographic 
characteristics of TBI. PRx was calculated as the mov-
ing correlation coefficient between the preceding 30 
consecutive, 10-s averaged values of MAP and ICP (i.e., 
5 min of data), continuously updated and displayed every 
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minute [11–13]. Data were obtained from General Elec-
tric B850 monitors, with a sampling frequency of 100 Hz 
and ASCII streaming at a rate of 19.2 kBd.

Manual  CPPopt Determination
To manually determine  CPPopt, we used graphs relat-
ing PRx (y-axis) to 5  mmHg CPP ranges (x-axis) over 
consecutive time epochs of 6 h (Fig. 1). Manual  CPPopt 
was defined as the 5 mmHg CPP range where PRx was 
lowest. A 6-h time interval was chosen to emulate what 
could be feasible in a prospective interventional trial, 
where clinicians would regularly need to be at the bed-
side to adjust the target CPP, recognizing that more fre-
quent adjustments may be ideal, but also more onerous 
and difficult to achieve in a multicenter study. If  CPPopt 
could not be established over a 6-h time period (e.g., 
Fig.  1d), we also assessed whether shortening the time 
interval of review could further increase the ability to 
identify  CPPopt.

Individual graphs were classified as having one of the 
following characteristics: (1) U-shaped PRx-CPP curve 
(PRx lowest near center of tested CPP range); (2) ascend-
ing curve (PRx lowest in lowest available CPP range); (3) 
descending curve (PRx lowest in highest available CPP 
range); or (4) indeterminate curve (no visible relation-
ship between PRx and CPP) (Fig.  1). With ascending 
and descending PRx-CPP curves, it is recognized that a 

U-shaped curve might have been identified had a broader 
range of CPP values been represented during the 6-h 
time epoch. Even so, in future clinical trials, a descend-
ing curve could conceivably be used as justification to 
raise the CPP target somewhat (since PRx is lower at 
higher CPP), with the opposite being true for an ascend-
ing curve.

The average PRx within a 5 mmHg CPP range was only 
considered valid if this range accounted for at least 5% 
of the data within a 6-h time frame. Moreover, each 6-h 
period could only be assessed if there were at least three 
CPP ranges each accounting for at least 5% of the epoch 
(i.e., the PRx-CPP curve spanned at least 15 mmHg; e.g., 
in Fig.  1a, each 5  mmHg range between 65  mmHg and 
105 mmHg contains at least 5% of data).

Automated  CPPopt Determination
CPPopt was also determined for each 6-h period using an 
automated algorithm, as described previously by Aries 
and colleagues [21]. A PRx-CPP curve with predefined 
heuristics was generated for each time epoch. Specifi-
cally, it was necessary for the curve to: (1) cover at least 
50% of all data points; (2) exclude CPP ranges account-
ing for a small proportion of data (analysis was per-
formed separately using thresholds of both < 1 and < 5%); 
(3) incorporate “CPPbest” (the CPP range with the lowest 
PRx); and (4) span a minimum PRx range of 0.2. A more 

Fig. 1 Graphs showing different patterns of relationship between PRx (y-axis) and CPP range (x-axis): a “U-shaped curve” with lowest PRx at CPP 
of 75–80 mmHg  (CPPopt); b “Ascending curve” where lowest assessed range of actual CPP (65–70 mmHg) has the lowest PRx; c “Descending curve” 
where highest assessed range of actual CPP (90–95 mmHg) has the lowest PRx (this was not identified as U-shaped because the proportion of time 
CPP > 95 mmHg is very small (< 5%); d No clear relationship between PRx and CPP is identified, such that  CPPopt cannot be determined
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recent automated method for  CPPopt determination, uti-
lizing weighted data from multiple time windows of vary-
ing length over the preceding hours, was not yet available 
for ICM+ at the time of our study [18, 24].

Inter‑Observer Variability
To assess inter-observer variability, we randomly selected 
60 PRx-CPP graphs from the cohort, each of which was 
reviewed by three critical care specialists, a critical care 
trainee, and two critical care nurses. Before evaluating 
these tracings, participants completed a teaching mod-
ule, which reviewed the concepts of autoregulation and 
PRx calculation, as well as the methodology for manual 
estimation of  CPPopt (described above). The module 
included five practice tracings, each with a detailed expla-
nation of how  CPPopt should be determined. For each of 
the 60 PRx-CPP graphs, reviewers were then asked (1) 
whether  CPPopt could be manually determined; and (2) if 
so, to identify the specific 5 mmHg CPP range that could 
be defined as  CPPopt.

Inter-observer variability was assessed by using (1) 
kappa scores to rate agreement in the detectability of 
 CPPopt curves (U-shaped, ascending, or descending 
vs. undeterminable); and (2) weighted kappa scores, as 
described by Cohen and colleagues, to compare spe-
cific  CPPopt values (sequential 5  mmHg ranges were 
considered as an ordinal variable) [25]. Inter-observer 
agreement is sometimes classified as “nearly perfect,” 
“substantial,” “moderate,” “fair,” “slight,” and “none” when 
kappa scores are > 0.8, 0.61–0.8, 0.41–0.6, 0.21–0.4, 
0–0.2, and < 0, respectively [26].

Outcome Assessment and Analysis
Neurologic outcomes were determined using a provin-
cial electronic medical record system up to the last point 
of contact (maximum of two years) and were based pri-
marily on assessments by rehabilitation physicians. Out-
comes were recorded using a standardized form and 
categorized using the extended Glasgow Outcome Scale 
(eGOS) [27]. Data were separately analyzed using three 
different thresholds to define favorable outcome (eGOS 
5–8 vs. 1–4, eGOS 4–8 vs. 1–3, or eGOS 3–8 vs. 1–2). 
This information was used to determine whether the dif-
ference between actual CPP (average CPP over each 6-h 
time epoch) and  CPPopt was associated with the risk of 
poor neurologic outcome or mortality.

The association between PRx or ΔCPP over the ini-
tial week following TBI (separately assessed using both 
manually determined or automated  CPPopt) and neu-
rologic outcome was analyzed with regression models 
appropriate for repeated measures. Specifically, popula-
tion-averaged, panel-data models were developed using 
generalized estimating equations (GEE) to assess ΔCPP 

over time among patients with favorable versus unfavora-
ble outcomes. Additional analyses were performed sepa-
rately assessing the impact of percentage time more than 
5 mmHg below  CPPopt or 5 mmHg above  CPPopt. Mod-
els were adjusted for patients’ age, baseline GCS score, 
pupillary light reactivity, Marshall CT score, and ICP (all 
of which are known to be predictive of outcomes follow-
ing TBI) using a backwards elimination model [28]. We 
also adjusted for whether  CPPopt in each time epoch was 
determined after decompressive craniectomy had been 
performed. Subgroup analysis was performed based on 
whether or not autoregulation was relatively preserved 
(defined in this study as median PRx over 6-h time 
epoch ≤ 0.2) or clearly impaired (median PRx > 0.2) [11–
14]. Separate multivariable logistic regression models 
were also created to assess the association between aver-
age PRx or  CPPopt (over the initial week following TBI) 
and outcome. Statistical analysis was performed using 
SAS (version 9.3, Cary, NC), and graphs were generated 
using GraphPad Prism (version 7.0, La Jolla, CA).

Results
Seventy-one patients undergoing ICP, CPP, and PRx 
monitoring were included. Patient characteristics are 
shown in Table 1.

Of 1173 graphs with data demonstrating 6  h of PRx 
versus CPP data,  CPPopt could be manually determined 
in 985 (84%), including 551 (47%) U-shaped, 244 (21%) 
ascending, and 189 (16%) descending curves. Of the 
remaining 192 (16%) tracings, manual  CPPopt could be 
determined in an additional 132 (11%) by reducing the 
epoch duration from six to 4  h (91), and then 2  h (41) 
if necessary. Using the automated approach, with inclu-
sion of CPP ranges accounting for > 5% of the time epoch, 
 CPPopt could be determined in 579 (49%) of tracings. By 
accepting CPP ranges accounting for > 1% of the time 
epoch, this could be increased to 74%. When data were 
reviewed for the entire duration of monitoring during 
the first week following TBI (rather than in 6-h epochs), 
the manually determined PRx-CPP curve was U-shaped 
in 68%, ascending in 13%, descending in 4%, and indeter-
minate in 16%. Treatment with decompressive craniec-
tomy did not affect  CPPopt detectability (85% overall and 
48% U-shaped with craniectomy vs. 83% overall and 47% 
U-shaped without craniectomy).

Kappa scores for the detectability of  CPPopt ranged 
from a minimum of 0.26 (0–0.53, p = 0.04, “fair” agree-
ment) to as high as 0.69 (0.51–0.88, p < 0.0001, “sub-
stantial” agreement), with a mean of 0.46 (0.23–0.68). 
When clinicians agreed that  CPPopt was detectable, 
inter-observer agreement in determination of the specific 
 CPPopt value was nearly perfect (weighted kappa ranged 
from 0.92 [0.86–0.99] to 0.98 [0.95–1.00]). Kappa scores 
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for the morphology of the curve averaged 0.80 (0.65–
0.95), 0.86 (0.70–0.99), and 0.86 (0.65–1.00), respec-
tively, for U-shaped, ascending, and descending curves. 
Inter-observer agreement was not affected by patient 
characteristics (age, sex, admission GCS score, Marshall 
CT score, presence of pupillary light reflexes, or aver-
age ICP). However, the number of interpreters agreeing 
that  CPPopt was detectable was greater in the presence of 

U-shaped curves (p = 0.02) and at relatively lower  CPPopt 
values (p = 0.03).

The median manual  CPPopt value (defined as a 5 mmHg 
range) was 70–75  mmHg (interquartile range [IQR] 
65–70 to 80–85). Manual  CPPopt was above 70  mmHg 
and below 60  mmHg in 67 and 6% of tracings, respec-
tively. Using the automated approach, median  CPPopt was 
74 (IQR 67–82) mmHg. Automated  CPPopt fell within the 
same 5 mmHg range as manually determined  CPPopt in 
63% of cases, and within 5 mmHg of this range in another 
30%.

Outcomes in survivors were determined at a median of 
10 (IQR 7–18) months and are shown in Table 1, with 36 
having eGOS 1–3 and 35 having eGOS 4–8. Autoregula-
tion was most impaired during the first 24–48 h following 
TBI, and gradually improved over the first week (Fig. 2). 
Patients with poor outcomes had significantly higher PRx 
values (p = 0.01) and spent more time in a critical PRx 
range (defined in this study as PRx > 0.2) over the initial 
week following TBI (p = 0.01). These findings remained 
statistically significant in a GEE model after adjustment 
for other variables known to predict prognosis following 
TBI (p = 0.01). The same results were observed regard-
less of whether the definition of a favorable outcome was 
eGOS 5–8, 4–8, or 3–8. For the entire first week in hos-
pital, patients with eGOS 4–8 had a median PRx of 0.02 
(IQR − 0.06 to 0.17), while those with eGOS of 1–3 had a 
value of 0.18 (IQR 0.08–0.28) (Table 2, p = 0.01). Predic-
tors of favorable outcome in multivariable logistic regres-
sion included lower average PRx (p = 0.02), younger age 
(p-0.02), and higher initial GCS (p = 0.03) (c = 0.81). 

In 72% of 6-h epochs, average CPP was 
within ± 5  mmHg of manual  CPPopt. The degree of 
deviation between actual CPP and  CPPopt did not differ 
between patients with favorable compared with unfa-
vorable outcomes (Fig.  3). This was true irrespective 
of whether  CPPopt was determined manually or using 
an automated algorithm. Similarly, exclusion of trac-
ings obtained following decompressive craniectomy did 
not alter the results. For the entire week post-injury, 
the median percentage time spent with a CPP at least 
5  mmHg below  CPPopt was 14% (IQR 1–48%) among 
patients with a favorable outcome and 24% (IQR 3–62%) 
among those with a poor outcome (Table 2, p = 0.28). The 
time spent with a CPP more than 5 mmHg above  CPPopt 
was 37% (IQR 6–70%) with a favorable outcome and 23% 
(IQR 6–52%) with a poor outcome (Table  2, p = 0.54). 
In multivariable analysis, neither time below nor above 
 CPPopt (determined either manually or in an automated 
fashion) was significantly associated with outcome. How-
ever, in patients with poor outcome, percentage time 
below  CPPopt tended to increase over time compared 
with patients with favorable recovery (Fig.  4; p = 0.04). 

Table 1 Characteristics of  included patients undergoing 
continuous assessment of ICP, MAP, and PRx

CPP cerebral perfusion pressure, ICP intracranial pressure, IQR interquartile 
range, PRx pressure reactivity index

Characteristic N (proportion) or median (IQR)

Age (years) 25 (IQR 20–40)

Sex

 Male 50 (70%)

 Female 21 (30%)

Glasgow Coma Scale (hospital admission)

 3–5 35 (49%)

 6–8 34 (48%)

 9–12 2 (3%)

Marshall CT scores (hospital admission)

 2 35 (49%)

 3–4 19 (27%)

 5–6 17 (24%)

Pupillary light reflexes (hospital admission)

 Both reactive 42 (59%)

 One reactive 13 (18%)

 Neither reactive 16 (23%)

Mechanism of injury

 Motor vehicle collision 39 (55%)

 Fall 13 (18%)

 Assault 10 (14%)

 Pedestrian struck by vehicle 7 (10%)

 Sports-related 2 (3%)

Decompressive craniectomy

 Primary 13 (18%)

 Secondary 4 (6%)

 None 54 (76%)

Median ICP over initial week (mmHg) 14 (IQR 11–18)

Median CPP over initial week (mmHg) 74 (IQR 69–82)

Extended Glasgow Outcome Scale

 1 26 (37%)

 2 2 (3%)

 3 8 (11%)

 4 6 (8%)

 5 7 (10%)

 6 4 (6%)

 7 11 (16%)

 8 7 (10%)
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This was particularly true when pressure regulation was 
impaired (PRx > 0.2; p = 0.004) compared with when it 
was preserved (PRx ≤ 0.2; p = 0.36).

Discussion
In assessing the relevance of  CPPopt in individual patients 
with severe TBI, much of the published literature has 
involved retrospective manual determination of  CPPopt 
for the entire duration of monitoring [14–17, 19, 29]. 
However, if determination of  CPPopt is to be used as a 
guide for CPP management in clinical practice, it must 

be repeatedly determined every few hours, so that the 
target CPP can be adjusted accordingly. Our first goal 
was to assess the proportion of time that  CPPopt could 
be determined in this fashion. We found that  CPPopt 
could be manually identified in more than 80% of 6-h 
time epochs, and that this proportion could be increased 
further by shortening the time interval in cases where 
it could initially not be determined over 6  h. In almost 
half of tracings, a convincing “U-shaped” curve could be 
identified. In 37% of cases, the presence of an ascending 
or descending curve could theoretically have provided 
justification for clinicians to consider lowering or raising 
the CPP goal, respectively. These findings suggest that a 
future clinical trial, with frequent manual reassessment 
of  CPPopt and individualization of the target CPP, is fea-
sible. Figure 5 shows a potential algorithm that could be 
used in such a trial.

More recent publications have utilized automated com-
puterized algorithms for determination of  CPPopt [18, 
21]. Using 4-h epochs, Aries and colleagues were able 
to detect automated  CPPopt during 55% of the recording 
period, with a similar distribution of U-shaped, ascend-
ing and descending curves as in our study [21]. We found 
that automated  CPPopt was usually similar to manually 
determined  CPPopt, or within ± 5 mmHg of it. However, 
in a small proportion of cases (15%), there was a discrep-
ancy beyond 5  mmHg. Steijn and colleagues reported 
comparable findings, with 46% complete agreement 
between the automated and manually derived  CPPopt, 
48% within ± 5  mmHg, and 6% differing by more than 
5  mmHg. We believe that these findings suggest that 
automated assessments of  CPPopt should be combined 
with brief visual review of tracings by clinicians in order 
to ensure that the derived  CPPopt value is trustworthy 
prior to adjusting the target CPP in patients. Further 
refinements in automated determination of  CPPopt will 
likely improve clinicians’ ability to apply this concept 
at the bedside. For example, Depreitere and colleagues 
described a novel computational method using time win-
dows of varying length ranging from one to 24 h, which 
enabled generation of U-shaped curves (rather than a 

Fig. 2 Relationship between PRx (a) or percentage time with 
PRx > 0.2 (b) and neurologic outcome among patients with traumatic 
brain injury (with 95% confidence intervals)

Table 2 Associations between autoregulatory indices and outcome

CPP cerebral perfusion pressure, GOS-e Glasgow Outcome Scale—extended, IQR interquartile range, PRx pressure reactivity index
1 Association remained significant in multivariable analysis (adjusting for age, baseline GCS, Marshall CT score, ICP, decompressive craniectomy) (p = 0.01)
2 Also no significant association in multivariable analysis

GOS‑e 1–3 GOS‑e 4–8 p Value

PRx (median, IQR) 0.18 (0.08–0.28) 0.02 (− 0.06 to 0.17) 0.011

∆ CPP (median, IQR) 11.5 (7.5–14.5) 8.5 (2.5–13.5) 0.472

Time CPP > 5 mmHg Below  CPPopt (%, IQR) 24 (3–62) 14 (1–48) 0.282

Time CPP > 5 mmHg Above  CPPopt (%, IQR) 23 (6–52) 37 (6–70) 0.542
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combination of U-shaped, ascending and descending 
curves) for almost the entire monitoring period [18]. This 
approach has been validated in a separate cohort using 
time windows of two to 8  h [24]. However, it remains 
questionable whether refinements to automated  CPPopt 
determination techniques can entirely circumvent the 
need for concomitant visual review of tracings by clini-
cians before changing treatment targets. Although the 
multi-window approach generates a U-shaped curve 
more often, it does not necessarily improve the associa-
tion between ΔCPP and outcome [24]. When clinicians 
are making real-time decisions regarding CPP targets, it 
may be important to determine  CPPopt specifically for the 
past few hours, rather than basing decisions on  CPPopt 
data from several hours ago. As such, further research 
is required to clarify the best method of determining 
 CPPopt.

Our study is the first assessment of inter-observer vari-
ability between inter-professional clinicians in the man-
ual determination of  CPPopt. We found that there is only 
moderate agreement in whether or not  CPPopt is detect-
able, even though observers all completed the same edu-
cational module prior to evaluating tracings. Although 
training likely improves inter-observer reliability, there 
are cases where  CPPopt is relatively obvious, and others 
where there is considerably more potential for disagree-
ment, such that some variability is probably unavoid-
able (Fig. 6). While more sophisticated automated  CPPopt 
algorithms may be helpful [18, 24], future clinical trials 
will need to incorporate strategies to deal with tracings 
where there may be disagreements. In practice, if  CPPopt 
is not clearly detectable, the CPP target should generally 
not be modified, or other brain monitoring modalities 
should instead be used to adjust the CPP target (Fig. 5). 

It was not uncommon for  CPPopt to be higher than 
the CPP target that is recommended in BTF Guidelines 
[10]. The safety of deliberately raising target CPP to lev-
els above 70 mmHg remains unclear. A previous pseudo-
randomized controlled trial suggested that although a 
CPP target above 70 mmHg may reduce secondary brain 
injury from ischemic insults (fewer jugular venous bulb 
oxygen desaturations), the additional fluids and vasopres-
sor doses required to raise CPP may induce cardiopulmo-
nary complications [30]. In contrast, a recent multicenter 
randomized trial reported no increase in adverse effects 
using a protocol aimed at optimizing brain tissue oxygen 
tension  (PbtO2), even though augmenting CPP was one 
of numerous interventions that could be used to raise 
 PbtO2 [31]. Similarly, a single-center cohort study found 
no association between higher CPP and acute respiratory 
distress syndrome [32]. Regardless, any algorithm that is 
used in future clinical trials to adjust the CPP target must 
incorporate careful cardiopulmonary monitoring and 
safeguards to minimize complications.

Our findings confirm those of others indicating that 
PRx is most abnormal during the initial hours after TBI, 
with gradual improvement over the ensuing days [14–
17]. The 48–72 h immediately after TBI is therefore the 
time frame where assessment of autoregulation is most 
likely to have an impact. However, impaired pressure reg-
ulation remained associated with worse neurologic out-
comes throughout the first week following TBI.

Unlike previous research involving several hundred 
TBI patients [19], we could not confirm that a greater dif-
ference between actual and “optimal” CPP is associated 
with worse neurologic outcomes. This finding highlights 
the point that a strategy of targeting  CPPopt should not 
be considered standard care at this time. Rather, this 
approach must be further assessed in prospective clini-
cal trials. Patients with poor outcomes did have more 

Fig. 3 Relationship between degree of deviation from optimal CPP 
range and neurologic outcome among patients with traumatic brain 
injury (with 95% confidence intervals)

Fig. 4 Percentage time spent more than 5 mmHg below the  CPPopt 
range (p = 0.03 for interaction between outcome and hours post-TBI)
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time where average CPP was below manual  CPPopt (14 
vs. 24%), but this difference did not reach statistical sig-
nificance. It is possible that with a larger sample size, a 
significant difference would have been observed. We did 
find that patients with poor outcomes tended to spend 
a significantly greater proportion of time below  CPPopt 
as time went on (Fig. 4). This was principally true when 
the analysis was restricted to time epochs where pres-
sure regulation was impaired (PRx > 0.2). This obser-
vation is consistent with a recent publication, which 
reported that CPP below the lower limit of autoregula-
tion was particularly associated with poor outcome [33]. 
The capacity of the cerebral vasculature to autoregulate 
should be regarded as a continuous variable, with no sin-
gle PRx threshold truly defining its presence or absence 
in a dichotomous fashion. We used a cutoff of 0.2, which 
is approximately in the range that appears to best distin-
guish between patients with favorable versus unfavorable 
outcome in previous studies [34–36].

We found no trend to suggest that time spent above 
 CPPopt is associated with worse outcomes. In contrast, 
another cohort study reported that patients who survived 
with severe disability spent a greater proportion of time 
with actual CPP in excess of  CPPopt [21]. It is possible 
that the implications of high CPP vary depending on spe-
cific patient characteristics. For example, in patients with 
severe cerebral edema and high ICP, CPP levels beyond 

the capacity to autoregulate may be reached at a lower 
threshold and are potentially more deleterious than in 
patients with greater intracranial compliance [37]. Phy-
sician judgment must be included as a component of 
any algorithm assessing the impact of targeting  CPPopt 
(Fig. 5).

Actual average CPP was within 5 mmHg of  CPPopt in 
a relatively large proportion of cases (72%), even though 
targeting of  CPPopt was not part of the standard manage-
ment protocol in this cohort. This may be in part because 
 CPPopt can only be determined from actual CPP ranges 
that are represented within a particular time epoch. Even 
when a broad range of actual CPP values are tested, it is 
not uncommon for  CPPopt to be consistent with Brain 
Trauma Foundation recommendations (60–70  mmHg). 
It remains possible that ΔCPP would have been larger if 
clinicians had been blinded to autoregulatory measures.

Conclusions
In summary,  CPPopt can be manually determined in 
more than 80% of 6-h time epochs. There is only mod-
erate inter-observer agreement in deciding whether 
 CPPopt can be determined. However, if there is consen-
sus that  CPPopt can be established, then there is excellent 
agreement regarding the specific  CPPopt value. There is 
also relatively good agreement between manually deter-
mined and automated  CPPopt, although the existence of 

1. Decision to lower CPP should integrate all available informa�on (e.g. ICP, PbtO2, severity of cerebral edema).  If ICP is not elevated and there is li�le 
cerebral edema, there is less ra�onale to deliberately lower CPP

2. Poten�al deleterious effects of interven�ons aimed at raising CPP (e.g. IV fluids or vasopressors in pa�ents with impaired cardiac func�on) must also 
be considered in decisionmaking, par�cularly if other informa�on (e.g. PbtO2) suggests cerebral perfusion adequate or PRx rela�vely normal (less  
than 0.1) irrespec�ve of CPP 

Initial ICP Goal: < 22 mmHg
Initial CPP Goal: 60-80 mmHg

Op�ons to raise CPP:
• Decrease seda�on
• IV fluid challenge
• Vasopressor
• Inotrope
• CSF drainage

Op�ons to lower CPP:
• Increase seda�on
• Increase analgesia
• IV betablocker
• IV vasodilator
• Raise ventricular drain

6-12 hours of monitoring using ICM+
Determine CPPopt for this time interval

U-shaped curve:

CPP with lowest PRx 
= CPPopt

Descending curve:

CPPopt higher than 
current CPP range

No clear pattern:

CPPopt cannot be 
determined

Ascending curve:

CPPopt lower than 
current CPP range

Maintain same 
CPP goal

Consider lowering 
CPP by 5-10 mmHg1

Consider raising CPP 
by 5-10 mmHg2

CPPopt >
current goal

CPPopt = 
current goal

CPPopt <
current goal

6-12 hours of monitoring using ICM+
Assess for CPPopt

Fig. 5 Proposed algorithm to individualize CPP management in patients with severe traumatic brain injury
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significant discrepancies in some cases suggests that, for 
now, automated measurements should generally be con-
firmed by manual review of tracings.

Autoregulation is particularly impaired in the initial 
48–72 h following TBI, and patients with relatively pre-
served autoregulation are more likely to have favorable 
neurologic outcomes. However, it remains unproven 
that targeting individualized  CPPopt, rather than simply 
maintaining CPP 60–70 mmHg in all patients, improves 
outcomes. The proportion of time spent below  CPPopt 
appears to have greater prognostic relevance than time 

spent above  CPPopt. Our findings suggest that prospec-
tive multicenter studies assessing the impact of target-
ing  CPPopt are feasible. Our findings will be helpful in the 
planning of such trials. A pilot randomized trial assessing 
the use of  CPPopt has been initiated [38].

Abbreviations
CBF: Cerebral blood flow; CPP: Cerebral perfusion pressure; CPPopt: “Optimal” 
cerebral perfusion pressure; DC: Decompressive craniectomy; eGOS: Extended 
Glasgow Outcome Scale; ICP: Intracranial pressure; MAP: Mean arterial pres-
sure; PRx: Pressure reactivity; TBI: Traumatic brain injury.

Fig. 6 Example of tracing where  CPPopt is clearly detectable (a), compared with one where there is more potential for inter-observer disagreement 
(b)
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