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Abstract
Objective To identify if cerebral perfusion pressure (CPP) can be non-invasively estimated by either of two methods calculated
using transcranial Doppler ultrasound (TCD) parameters.
Design Retrospective review of previously prospectively gathered data.
Setting Pediatric intensive care unit in a tertiary care referral hospital.
Patients Twenty-three children with severe traumatic brain injury (TBI) and invasive intracranial pressure (ICP) monitoring in place.
Interventions TCD evaluation of the middle cerebral arteries was performed daily. CPP at the time of the TCD examination was
recorded. For method 1, estimated cerebral perfusion pressure (CPPe) was calculated as: CPPe =MAP × (diastolic flow (Vd)/
mean flow (Vm)) + 14. For method 2, critical closing pressure (CrCP) was identified as the intercept point on the x-axis of the
linear regression line of blood pressure and flow velocity parameters. CrCP/CPPe was then calculated as MAP-CrCP.
Measurements and main results One hundred eight paired measurements were available. Using patient averaged data, correla-
tion between CPP and CPPe was significant (r = 0.78, p = < 0.001). However, on Bland-Altman plots, bias was 3.7 mmHg with
95% limits of agreement of − 17 to + 25 for CPPe. Using patient averaged data, correlation between CPP and CrCP/CPPe was
significant (r = 0.59, p = < 0.001), but again bias was high at 11 mmHg with wide 95% limits of agreement of − 15 to +
38 mmHg.
Conclusions CPPe and CrCP/CPPe do not have clinical value to estimate the absolute CPP in pediatric patients with TBI.

Keywords Cerebral perfusion pressure . Transcranial Doppler ultrasound . Ultrasound . Head injury . Non-invasivemonitoring .

Traumatic brain injury

Cerebral perfusion pressure (CPP) is the driving pressure gra-
dient which produces blood flow in the cerebral circulation.
Thus, CPP is calculated as the difference between the mean
cerebral arterial blood pressure and the effective downstream
pressure or the critical closing pressure (CrCP) (CrCP = tissue
pressure + cerebral vascular tone + mean cerebral venous
pressure). As it is difficult to measure these parameters neces-
sary to calculate CrCP, the current gold standard to determine
CPP clinically is to subtract the invasively monitored intracra-
nial pressure (ICP) from the mean systemic arterial pressure
(MAP) (CPP =MAP − ICP).

In critical illness, systemic hypotension or intracranial hy-
pertension may lead to a reduction in CPP and result in sec-
ondary neurologic insult. Additionally, when cerebral autoreg-
ulation is impaired or absent, as occurs in many disease states,
the risk of these secondary insults increases as cerebral blood
flow becomes linearly correlated with CPP [1–7]. As such,
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monitoring and optimizing CPP as a targeted therapy has
shown promise to improve outcomes in children with critical
illness [8–13]. Management guidelines for children with se-
vere traumatic brain injury (TBI) recommend clinicians con-
sider, as an option, maintaining minimum age-specific CPP
goals [12]. In 317 children with TBI, a significant increase in
mortality risk was noted when CPP fell below the desired
level (relative risk of death (RR) = 8.1 (95% CI 3.58, 18.31))
[8]. In childhood bacterial meningitis, CPP-directed therapy
has been shown to reduce overall mortality by 18% (RR = 2.1;
95% CI, 1.09–4.04; p = 0.02) and neurodisability by 33%
(RR = 0.47; 95% CI, 0.27–0.83; p = 0.004) when compared
with ICP directed therapy alone [10].

However, placement of an ICP monitor that allows for the
calculation of CPP does not always occur in the clinical care
of these children. Neurosurgical expertise necessary to place
invasive monitors is often not available in rural or in resource-
limited settings. Additionally, in some centers, there remains a
lack of confidence that ICP/CPP-directed therapy benefits pa-
tients and children are managed with alternative therapeutic
approaches [14–16]. Furthermore, while the risk is minimal, it
is an invasive surgical technique occasionally associated with
complications including infection and hemorrhage [17]. In a
cohort of 4667 children with severe TBI, only 55% of patients
had an ICP monitor placed [18]. Younger children may be
even less likely to receive invasive ICP monitors. In another
study of 238 children under age 24 months with severe TBI,
only 17% had a monitor placed [19]. Outside the management
of TBI, use of an ICP monitor in children may be even rarer.
Odetola et al. evaluated > 1000 children requiring mechanical
ventilation during treatment for severe bacterial meningitis,
and found placement of an ICP monitor occurred in only 7%
of cases [20]. Other examples where CPP monitoring may be
helpful but in whom invasive monitoring is not routinely per-
formed or is contraindicated include children with coagulop-
athy in the setting of sepsis or liver failure, or while undergo-
ing support with extracorporeal membrane oxygenation
[21–24].

Identifying a non-invasive, simple means by which CPP
can accurately and reliably be quantified and monitored in
children may be a helpful adjunct to care when treating clini-
cians cannot or do not place an invasive monitor but have an
ongoing desire to evaluate cerebral perfusion. Transcranial
Doppler ultrasound (TCD) is a portable, repeatable, non-
invasive means that measures cerebral flow velocities
(CBFVs) in the cerebral vasculature. In adult patients, TCD-
derived parameters have successfully been used to calculate
an estimated CPP by several different mathematical ap-
proaches [25–29]. Two that have been described require only
systemic blood pressure monitoring and basic non-continuous
TCD data [27, 30–32]. One method described by Czosnyka
et al. calculates an estimated CPP (CPPe) as MAP × (diastolic
flow (Vd)/mean flow (Vm)) + 14 [27]. In the second method,

cerebral CrCP can be determined by plotting the dynamic
pressure-flow relationship between systemic blood pressures
and TCD flow velocities and determining the x-axis intercept
of the linear regression line [30–32]. Estimated CPP by this
method (CrCP/CPPe) is then calculated as MAP − CrCP
[30–32]. There is a paucity of literature evaluating the use of
either of these methods to non-invasively estimate CPP in
pediatric patients. We therefore performed the current study
to test the hypothesis that CPPe and CrCP/CPPe derived ac-
cording to these methods would have good agreement with
invasively monitored CPP in children.

Materials and methods

Study population

We performed a retrospective review of data previously gath-
ered from 2011 to 2015 for a prospective, observational study
in a tertiary care pediatric intensive care unit. This study was
approved by the Institution Review Board. Children 1 day to
17 years of age admitted with a diagnosis of severe TBI (post-
resuscitation Glasgow Coma Scale (GCS) score ≤ 8)) man-
aged with an invasive ICP monitor (intraparenchymal moni-
tor, Camino Integra Neurosciences, Plainsboro, NJ, USA) and
radial arterial line were included. Patients with non-traumatic
etiologies of admission were excluded. Demographic data in-
cluding age, gender, GCS score, and mechanism of injury
were recorded for all participants.

General management protocol

Patients were treated following the Society of Critical Care
Medicine Guidelines [12]. Patients with surgical lesions
underwent resection of the lesion and were left with a primary
decompressive craniotomy. Secondary decompressive crani-
otomy for refractory intracranial hypertension was not per-
formed in our institution during the time period the study
was undertaken. All patients received sedation and anxiolysis
with infusions of fentanyl and versed. Elevation in ICP (≥
20 mmHg) despite adequate sedation was treated with osmo-
lar therapy followed by neuromuscular blockade. CPP goals
(CPP > 40 mmHg for children < 1 year of age, 50–60 mmHg
for children < 12 years of age, and > 60 mmHg for adoles-
cents) were set by the treatment team and were maintained
using fluid boluses to a central venous pressure > 10 cmH20
followed by a vasoactive infusion.

Transcranial Doppler ultrasonography

TCDwas performed at the participant’s bedside by one of two
sonographers using a 2-MHz pulsed probe and commercially
available ultrasonography unit (Sonara Digital TCD,
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CareFusion, Middleton, WI). The quality of the data obtained
by TCD is highly influenced by operator-dependent factors
such as skill and experience. Prior to the study beginning,
sonographers were tested on standardized patients until a co-
efficient of variation < 10% for each study measurement was
demonstrated. Middle cerebral arteries (MCAs) were
insonated at 2-mm intervals using methods previously de-
scribed, and CBFVs including the Vs, Vd, and Vm were re-
corded [25, 26]. All participants underwent the initial TCD
within 24 h of injury and then daily thereafter through death
or hospital day 8, whichever came first. Continuous TCD
monitoring was not available at the time of this study.

Data capture and calculations

Arterial and intracranial pressure transducers were calibrated
at the level of the skull. Outputs from the pressure monitors
and the TCD unit (maximal frequency envelope) were con-
nected to an analog-to-digital converter that was fitted into a
laptop computer. Data were sampled (sampling frequency
50 Hz), digitized (12 bits), processed, and stored on the com-
puter using software designed in-house for this purpose.
Time-averaged (mean) values of pressures were calculated
using time integration of waveforms for 5-s intervals. Time-
averaged Vs, Vd, and Vm were calculated after spectral filtra-
tion to reduce the influence of noise and averaged within 5-s
periods. Digital Fourier analysis was used to correlate corre-
sponding values of arterial blood pressure and CBFV. CPPe
was then calculated as CPPe = MAP × Vd/Vm + 14 [27].
CrCP was determined as the intercept point of a regression
line between arterial systolic and diastolic pressures plotted
along the x-axis and the systolic (Vs) and Vd flow velocities
plotted along the y-axis [28–30]. CrCP/CPPe was then calcu-
lated as CrCP/CPPe =MAP −CrCP.

Statistical analysis

Descriptive values were expressed as frequencies for dichot-
omous variables and as mean ± standard deviation (SD) or
median (interquartile range) for continuous variables. To as-
sess the performance of the proposed methods, the correlation
between CPP and the CPPe and CrCP/CPPe were evaluated
using the Spearman correlation coefficient (r, with the level of
significance set at 0.05). In addition, a generalized estimating
equation was used to account for inter- and intraindividual
differences between studies using original observations.
Bland-Altman plots were constructed to study agreement be-
tween simultaneous invasively measured CPP and TCD de-
rived CPPe (both CPPe and CrCP/CPPe). Two-by-two con-
tingency tables were performed to determine sensitivity, spec-
ificity, positive predictive value, and negative predictive val-
ue. Statistical significance was assumed with a p ≤ 0.05.

Statistical analysis was performed using Prism 5 (GraphPad
Software, San Diego, CA).

Results

A total of 23 children met inclusion criteria and had complete
records that allowed for retrospective calculation of CPPe and
CrCP/CPPe. One hundred eight paired measurements were
available for analysis. Demographic and clinical data for par-
ticipants are available in Table 1.

CPP and CPPe

Using patient averaged data, correlation between CPP and
CPPe was significant (r = 0.78, p ≤ 0.001) (Fig. 1). However,
when evaluating agreement between CPP and CPPe with a
Bland-Altman plot, the bias or average discrepancy for all
measurements was 3.7 mmHg with 95% limits of agreement
of − 17 and + 25 mmHg (Fig. 1). When evaluating agreement
over time, average discrepancy was best on post-injury day 1
and worsened over time (Table 2). The wide limits of agree-
ment were relatively unchanged by day (Table 2). Fifty-three
percent of all CPPe measurements were ≥ 10 mmHg below or
above the invasively calculated CPP.

CPP and CrCP/CPPe

Using patient-averaged data, correlation between CPP and
CrCP/CPPe was significant (r = 0.59, p = <0.001) (Fig. 2).
However, when evaluating the agreement between CPP and

Table 1 Clinical and laboratory data of patients (n = 23)

Characteristic Result

Age in months (mean ± SD) 96 ± 60

Male (%) 18 (78%)

Mechanism of injury (%)

Fall
Motor vehicle accident
Pedestrian vs auto
Abusive head trauma
Other

2 (9%)
10 (43%)
6 (26%)
3 (13%)
2 (9%)

Glasgow Coma Score (median/IQR) 5 (3, 7)

PaCO2 (mmHg) at time of TCD 39 ± 6

ICP (mmHg, median/IQR) at time of TCD
Range

CPP (mmHg, median/IQR) at time of TCD
Range

10 (8, 15)
2–60
68 (60, 79)
44–94

Decompressive craniotomy (%) 8 (35%)

In-hospital mortality (%) 3 (13%)

SD standard deviation, vs versus, PaCO2 partial pressure carbon dioxide,
ICP intracranial pressure, CPP cerebral perfusion pressure, TCD trans-
cranial Doppler ultrasound, mmHg millimeters mercury
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CrCP/CPPe with a Bland-Altman plot, the bias was 11 mmHg
and 95% limits of agreement were − 15, + 38 mmHg (Fig. 2).
Average discrepancy was high, and limits of agreement were
wide on all days (Table 3). Forty-three percent of CrCP/CPPe
measurements were ≥ 10 mmHg below or above the
invasively calculated CPP.

Estimated CPP as a screening tool for low CPP

There were no TCD examinations performed during episodes of
CPP < 40 mmHg available for analysis. There were 14 episodes
of CPP < 50mmHgwhen the age specific goal was > 50mmHg
(mean CPP 44 ± 2 mmHg) and 22 episodes of CPP < 60 mmHg
when the age specific goal was > 60 mmHg (mean CPP 51 ±
3 mmHg). Sensitivity, specificity, positive predictive value, and
negative predictive value of both CPPe andCrCP/CPPe to detect
reduced CPP below treatment goal values are in Table 4.

Confounders

Given the potential changes to intracranial compliance follow-
ing surgical intervention, the agreement between CPP and
CPPe as well as CPP and CrCP/CPPe was assessed in children
who underwent a primary decompressive craniectomy (n = 8)
separately than in those who did not (n = 15). The Bland-
Altman plot testing agreement between CPP and CPPe in

Fig. 2 Using patient averaged data, correlation between cerebral
perfusion pressure (CPP) and non-invasively estimated CPPe using
TCD-derived critical closing pressure (CrCP = intercept point of the
regression line between arterial systolic and diastolic pressures and
systolic and diastolic flow velocities; CPPe in this scenario = MAP-
CrCP) was significant (r = 0.59, p = < 0.001). The Bland-Altman plot of
agreement between the two revealed bias of 11 mmHg with 95% limits of
agreement − 15, + 38 mmHg
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Fig. 1 Using patient averaged data, correlation between cerebral
perfusion pressure (CPP) and non-invasively estimated cerebral
perfusion pressure (CPPe = (mean arterial blood pressure × diastolic
flow velocity/mean flow velocity) + 14) was significant (r = 0.78, p ≤
0.001). The Bland-Altman plot of agreement between the two revealed
bias of 3.7 mmHg with 95% limits of agreement − 17, + 25 mmHg

Table 2 Agreement
between invasively
calculated cerebral
perfusion pressure (CPP)
and non-invasively
estimated cerebral
perfusion pressure
(CPPe) by day. Results
represent bias and 95%
lower and upper limits of
agreement (in mmHg) by
day

Day Bias − 1.96 SD + 1.96 SD

1 1.8 − 19 23

2 3.2 − 14 21

3 4.7 − 12 22

4 4 − 16 24

5 4.2 − 10 19

6 7.7 − 16 32

7 6.4 − 13 26

8 8.9 − 7 25

mmHg millimeters mercury, SD standard
deviation
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children with decompressive craniotomy found bias was
5 mmHg with 95% limits of agreement ranging from − 56 to
45 mmHg. In children without decompressive craniotomy,
bias was 2 mmHg and 95% limits of agreement were − 28 to
32 mmHg. The Bland-Altman plot evaluating agreement be-
tween CPP and CrCP/CPPe in children with and without de-
compressive craniotomy revealed a bias of 15 mmHg with
95% limits of agreement of − 22 to 49 mmHg and bias of
13 mmHg with 95% limits of agreement of − 12 to
45 mmHg, respectively.

Bland-Altman plots were also performed to evaluate the
effect of partial pressure of carbon dioxide (PaCO2) on the
agreement between CPP and CPPe. At PaCO2 values of 30–
35 mmHg (n = 28), bias was − 0.15 mmHg and 95% limits of
agreement were − 27 to 27 mmHg. At PaCO2 values of 35–
40 mmHg (n = 37), bias was 2.5 mmHg with 95% limits of
agreement − 18 to 23 mmHg. At PaCO2 values of 40–
45 mmHg (n = 30), bias was 5.9 mmHg with limits of agree-
ment at − 17 and 29 mmHg. At PaCO2 > 45 mmHg (n = 13),
bias was 6.1 mmHg with 95% limits of agreement at − 17 and
26 mmHg. Values for agreement between CPP and CrCP/
CPPe were similar at different PaCO2 ranges in terms of limits
of agreement (data not shown).

Minor observations

Three patients had repeated, real-time TCD recordings before,
during, and after physiologic derangements that allowed for

the calculation of serial CrCPs. In one patient, ICP spontane-
ously increased from 12 to 24 mmHg. MAP changed mini-
mally from 84 to 86 mmHg. Pre-ICP spike, CrCP was calcu-
lated as 19 mmHg and then increased to 39 mmHg during the
ICP spike. CrCP/CPPe was thus 65 mmHg at baseline and
decreased to 47 mmHg during the ICP increase. Five millili-
ters (ml)/kg of 3% hypertonic saline were given and ICP de-
creased to 13 mmHg and MAP increased to 90 mmHg. CrCP
downtrended to 18.8 mmHg (Fig. 3). CrCP/CPPe thus in-
creased to 71.2 mmHg [33, 34]. During the ICP spike, end-
tidal CO2 monitoring did not significantly change and there
was no clear increase in cerebral metabolism (patient was
undergoing sedation and neuromuscular blockade and electro-
encephalogram did not reveal seizures). Another patient had
similar pathologic derangements with similar alterations to
calculated CrCP and CrCP/CPPe during ICP spikes. A third
patient experienced refractory intracranial hypertension with
an ICP of 45 mmHg. The patient was given 1 g/kg of manni-
tol, 5 ml/kg of hypertonic saline, and mechanical ventilator
rate was increased to result in an end tidal CO2 reduction from
35 to 30 mmHg. Despite these interventions, ICP increased
further to 52 mmHg. CrCP was 60 mmHg when the ICP was
45 mmHg and increased further to 72.9 mmHg as ICP in-
creased (Fig. 4). During this time, the MAP did not signifi-
cantly change (112 to 113 mmHg) so the CrCP/CPPe de-
creased from 52 to 40 mmHg.

Discussion

In critically ill children with a variety of primary diagnoses,
maintenance of an age-appropriate CPP is suggested as a treat-
ment option to ensure necessary substrate delivery and avoid
secondary neurologic insult. However, direct ICP monitoring
that allows for calculation of CPP is not always feasible given
lack of resources or clinical contraindications. Thus, finding a
non-invasive alternative method by which to assess and mon-
itor CPP is desirable and may aid in the management of these
children.

Mathematical models using combinations of systemic
blood pressure measurements and TCD-derived flow veloci-
ties have been suggested to have clinical utility to non-

Table 3 Agreement
between invasively
calculated cerebral
perfusion pressure (CPP)
and non-invasively
estimated cerebral
perfusion pressure based
on critical closing
pressure (CrCP/CPPe)
by day. Results represent
bias and 95% lower and
upper limits of
agreement (in mmHg) by
day

Day Bias − 1.96 SD + 1.96 SD

1 13.4 − 16 43

2 14.2 − 19 48

3 16.7 − 12 44

4 15.9 − 16 42

5 16.9 − 14 39

6 16 − 17 41

7 17.2 − 18 42

8 16.6 − 16 43

mmHg millimeters mercury, SD standard
deviation

Table 4 Performance of non-invasively estimated CPP (both CPPe and CrCP/CPPe) to detect episodes of reduced cerebral perfusion pressure (CPP)
below clinical goal (n = 14 for CPP < 50 mmHg, n = 22 for CPP < 60 mmHg)

CPPe < 50 mmHg CrCP/CPPe < 50 mmHg CPPe < 60 mmHg CrCP/CPPe < 60 mmHg

Sensitivity 100 66 73 67

Specificity 91 53 78 63

Positive predictive value 27 8 60 48

Negative predictive value 100 96 90 100

CPPe estimated cerebral perfusion pressure, CrCP/CPPe critical closing pressure derived cerebral perfusion pressure
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invasively estimate CPP in adult patients [27–29, 32–39].
Given the paucity of literature on this topic in pediatric pa-
tients, we performed the current study to evaluate the utility of
two methods to non-invasively estimate CPP in children with
severe TBI. Our findings include the following: (1) CPPe had
adequate average discrepancy from the invasively measured
CPP, but had wide limits of agreement at − 17 to + 25 mmHg;
(2) CrCP/CPPe had high average discrepancy from the

invasively measured CPP and had wide limits of agreement
at − 15 to 38 mmHg; (3) the ability of either method to predict
CPP < 50 mmHg or < 60 mmHg was insufficient for clinical
use; and (4) in a very small number of children, changes to
calculated CrCP and CrCP/CPPe over time appropriately
reflected underlying pathophysiologic alterations to ICP and
CPP and the response of these values to interventions.

Using the first method, we evaluated, Czosnyka et al. de-
termined the correlation between CPP and CPPe was r = 0.73,
p < .0001 with an overall error < 15 mmHg in 84% of the
examinations [27]. Schmidt et al. found, using the same for-
mula, that the absolute difference between CPP and CPPe was
< 10 mmHg in 89% of measurements with a 95% confidence
range for prediction of the actual CPP no wider than ±
12 mmHg [28]. Using the second method we evaluated,
CrCP/CPPe had good correlation with CPP in 70 adult pa-
tients with TBI (r = 0.92) [31]. These authors promoted the
use of both of these methods to non-invasively estimate CPP
in adult patients based on a good correlation between the
invasively measured and estimated CPP. In fact, correlation
of CPP and CPPe from our cohort was also reasonably good
(r = 0.78). However, since correlation studies the relationship
between one variable and another but not the differences be-
tween them, it may not be the most appropriate method to
assess comparability between a gold standard and new
method.

A Bland-Altman plot compares the agreement of two mea-
surement techniques by plotting the difference of two paired
measurements against the mean of two measurements. Results
then quantify the mean difference between the two methods
and give 95% limits of agreement. In adult studies of TBI, the
agreement between invasively and non-invasively calculated
CPP on Bland-Altman plots by either of these methods is
generally wide [31, 32, 35]. These results likely explain
why, despite the technique and technology now having been
available for more than 20 years, the approach has not rou-
tinely been adopted into clinical practice for adults.

In a recently published paper using continuous TCD re-
cordings to non-invasively estimate CPP in children who
had suffered TBI, CPPe overestimated CPP by 19.61 mmHg
with wide 95% CI of ± 40 mmHg on Bland-Altman analysis
[36]. Our results are similar to this study in that we also iden-
tified wide limits of agreement for both the CPPe and CrCP/
CPPe methods (> − 15 to > + 25). Thus, the clinical utility of
either method to non-invasively estimate the absolute value of
CPP at a single time point in children with TBI also appears to
be limited.

Some work has previously been done suggesting that TCD
parameters may have a role in non-invasively estimating CPP
< 50 mmHg in children with severe TBI [40]. Figaji et al.
reported that the TCD-derived PI was 0.95 ± 0.17 when CPP
was ≤ 50 mmHg and 0.78 ± 0.20 when CPP was ≥ 50 mmHg.
However, sensitivity and specificity of the PI to determine a
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CPP below 50 mmHg was not done due to an inadequate
number of paired measurements when CPP was low. In our
study, in a limited number of episodes (n = 14), CPPe was
noted to have a sensitivity of 100%, specificity of 91%, and
a positive predictive value of 27% to predict CPP < 50mmHg.
The low positive predictive value we report is likely due to the
relatively low prevalence of cerebral hypoperfusion <
50 mmHg in this cohort of children. Larger studies can be
considered to evaluate if these values of sensitivity and spec-
ificity for any of these methods hold with increased measured
episodes of cerebral hypoperfusion < 50mmHg. However, the
significant reduction in sensitivity and specificity of this meth-
od in a larger number (n = 22) of subjects at a higher target
CPP (< 60 mmHg) seen in our study suggests that they likely
will not. Identifying a non-invasive means by which to deter-
mine cerebral hypoperfusion is thus still necessary.

The study revealed modestly improved agreement between
the estimated and invasively measured CPP in children who
had not undergone decompressive craniotomy compared with
those that had. As ICP rises and reaches or exceeds the critical
closing pressure at the arteriolar level, other contributors to the
calculated CrCP become less important and the discrepancy
between the estimated and actual CPP decreases [41].
Following decompressive craniotomy, ICP in general is as-
sumed to not reach critical levels. Sample sizes did not allow
for matched comparisons at various ICP values between chil-
dren with and without DC, but a difference in ICP/higher ICP
may have contributed to the slightly improved agreement in
patients who had not undergone DC. However, wide limits of
agreement in this group of children would still prohibit its use
clinically. Additionally, bias between the methods was slightly
better when the PaCO2 values were low (30–35 mmHg) and
progressively worsened as PaCO2 values rose (> 45 mmHg).
Autoregulation is known to be most effective and CVR
highest at lower PaCO2 values [42, 43]. The overall effect of
these factors onmeasured CBFVsmay account for the modest
improvement in agreement at relative hypocapnea.

Another important clinical need is the ability to monitor non-
invasively, not just at a single point but over time, the actual
cerebral perfusion of these critically ill children. The components
that contribute to the calculation of the CrCP, and thus, the CrCP/
CPPe include not just the tissue pressure (ICP) but also the
cerebrovascular resistance/vasomotor tone (CVR), and the
downstream venous pressure [30, 31]. Thus, the calculation of
the CrCP/CPPe reflects the net effect of local and systemic phys-
iologic or pathologic alterations on the cerebral circulation. If
trended over time, it may be useful to assist in determining an
individual’s overall response to progressive or improving patho-
logic states and the effects of therapeutic strategies on the effec-
tive cerebral perfusion pressure. In two small experimental ani-
mal studies, this has been done successfully. Varsos et al. calcu-
lated CrCP during 38 episodes of ICP plateau waves induced by
lumbar infusion. ICP increased during infusion on average by

24 mmHg and a concomitant increase in CrCP of 27% from
baseline was identified (mean CrCP 51.9 ± 8.76 at baseline
ICP; mean CrCP 63.31 ± 10.83 at the top of the plateau waves)
[34]. The same author, in a different study, determined that alter-
ations to the calculated baseline CrCP and CrCP/CPPe accurate-
ly reflected the overall net effect of changes to ICP, mean arterial
pressure, and ventilation in rabbits [44]. Three patients in our
cohort had serial TCD examinations around the time of signifi-
cant pathophysiologic changes and treatment interventions that
allowed for the repeated calculation of CrCP and thus
CrCP/CPPe. In all 3 children, CrCP and CrCP/CPPe trended
in the expected direction based on the measurement of simulta-
neously captured invasive parameters. This is a very limited
sample, however, so the importance of these results must not
be overstated. Future studies in larger numbers of children
should determine the utility of CrCP calculated non-invasively
in this way tomonitor for changing physiology and as ameans to
measure the response to therapeutic interventions in children
with acute, severe, neurologic illness.

Limitations

This study involved a relatively small cohort of patients who
experienced a limited range of CPP variations. Due to the lim-
ited number of participants, we were unable to determine if
there were certain patient characteristics that determined good
versus poor agreement between the presented methods and the
invasively measured CPP. Future studies could involve larger
groups of children and attempt to capture agreement data with
different subsets of patients and determine if CPPe or CrCP/
CPPe can be used to non-invasively predict CPP in some chil-
dren. Furthermore, this study did not evaluate the techniques to
non-invasively estimate CPP in children with disease processes
outside TBI. Other disease processes that have different patho-
physiologic mechanisms and more diffuse versus heteroge-
neous neurologic injurymay have different levels of agreement.

If any of these studies were to find closer agreement be-
tween estimated CPP and invasively measured CPP, other
considerations would need to be taken into account before
widespread clinical use of the technique began. One limitation
of TCD use in general is the considerable variation that can be
seen between different operators. It would therefore be imper-
ative that all operators at a single institution would have to
undergo regular evaluation to ensure minimal variation in
technique and results of their TCD examinations. This would
help to ensure accurate and interpretable results when repeated
examinations are done on a single patient over time by multi-
ple operators. Furthermore, as CPP is highly dynamic and can
fluctuate widely within minutes, improved technology that
allows for continuous reliable TCD measurement and subse-
quent real-time non-invasive CPP calculation in children
would be required in order to use the technique as anything
other than a one-time screening tool.
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Conclusions

CPPe and CrCP/CPPe do not have clinical values in the non-
invasive estimation of the absolute CPP measured invasively
or to detect cerebral hypoperfusion below desired thresholds
of 50–60 mmHg in children with severe TBI.

Compliance with ethical standards

This study was approved by the Institution Review Board.
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