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Abstract
Introduction Cerebral perfusion pressure (CPP) is one of the most important parameters in preventing ischemic brain insults.
Guidelines have used CPP values to guide treatment of traumatic brain injury (TBI) for many years. We tested the feasibility of a
novel non-invasive method for CPP estimation (nCPP) in children with severe TBI.
Methods Retrospective analysis of prospectively monitored pediatric TBI patients with invasive intracranial pressure (ICP)
monitoring, arterial blood pressure, and Transcranial Doppler (TCD) studies was performed daily. A novel estimator of CPP
(nCPP) was calculated using TCD-spectral accounting method. We analyzed the correlation coefficient and correlation in time
domain between CPP and nCPP, prediction ability of nCPP to detect low CPP, and the confidence intervals for CPP prediction
(95% CI).
Results We retrospectively analyzed 69 TCD recordings from 19 children (median age 15 years, range 3–16 years). There was a
good correlation between CPP and nCPP (Spearman correlation coefficient, R = 0.67 (p < 0.0001), and a good mean correlation
in time domain (R = 0.55 ± 0.42). The ability of nCPP to predict values of CPP below 70 mmHg was excellent as demonstrated
by an area under the curve of 0.908 (95% CI = 0.83–0.98) using a receiver operating curve analysis. Bland-Altman analysis
revealed that nCPP overestimated CPP by 19.61 mmHg with a wide 95% CI of ± 40.4 mmHg.
Conclusions nCPPmonitoring with TCD appears to be a feasible method for CPP assessment in pediatric TBI. The novel spectral
CPP tested in this study has a decent correlation with invasive CPP and can predict low CPP with excellent accuracy at the 70-
mmHg threshold.
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Introduction

Maintaining an adequate cerebral blood flow (CBF) after a
traumatic brain injury (TBI) is one of the most important goals

to avoid secondary damage to the injured brain. Guidelines
have traditionally used intracranial pressure (ICP) monitoring
and treatment of increased ICP as the main objective to im-
prove outcome following TBI [1]. Although this is a standard
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of care in developed countries, a recent randomized study
failed to show a difference in outcome when patients with
TBI were randomly assigned to invasive ICP monitoring vs
clinical and radiological assessment [2]. In children, evidence
is even less robust and adequate randomized controlled stud-
ies to evaluate the role of ICP monitoring and treatment have
not been performed. There is evidence that sustained ICP >
20 mmHg is associated with poor outcome, but there is no
data to support an absolute ICP target in children with TBI [3].

Cerebral perfusion pressure (CPP) is defined as the differ-
ence betweenmean arterial pressure (ABP) andmean ICP, and
it is the pressure gradient driving cerebral blood to flow. In
normal conditions, CBF is autoregulated to maintain an ade-
quate oxygen and glucose delivery to the brain across physi-
ological range of CPP. After TBI, cerebral autoregulation
might be impaired and decreases in CPP could lead to cerebral
ischemia. Thresholds for adequate CPP in children with TBI
have recently been published suggesting that CPP targets
should be age-specific [4]. This report, from Allen and col-
leagues (2014), describes a new method to establish a goal of
CPP above specified thresholds (above 40 mmHg in children
under 6 years old and above 50 mmHg in children from 6 to
17 years old).

If CPP is the driving pressure of CBF, it is logical that
treatment protocols should focus on CPP, first of all and then
on ICP. CPP can be manipulated by changing ICP or ABP.
Both strategies can be used depending on the clinical situa-
tion, but ultimately, the goal should be tomaintain an adequate
CBF by maintaining adequate CPP and avoiding intracranial
hypertension.

In children, invasive ICP-CPP monitoring is reserved for
patients in whom the severity of the clinical conditions de-
mands ICP-CPP-guided treatment. Otherwise, the risks asso-
ciated with invasive neuromonitoring, such as bleeding and
infection [3], may not represent a beneficial intervention.

In these cases, non-invasive methods for assessment of
these parameters could offer an alternative for treatment or a
screening tool to determine the need for invasive monitoring.
Among the several non-invasive methods reported for CPP
assessments (nCPP) [5–7], ultrasound-based alternatives are
of special interest since these techniques are low-cost and
widely available in the neurocritical care settings.
Transcranial Doppler ultrasonography (TCD) has been one
of the most used methods for nCPP in TBI [6]. Several studies
have tested the feasibility of TCD for these purposes in chil-
dren [8, 9]. There are contrasting results on the application of
the TCD-derived pulsatility index for predicting cerebral hy-
poperfusion. Nevertheless, other studies on mathematical
models for continuous non-invasive ICP prediction using si-
multaneous measurements of systemic arterial blood pressure
and transcranial Doppler flow velocity waveforms have
shown better ability of TCD to estimate and track ICP changes
[10–12].

The aim of our study is to test the feasibility and accuracy
of a novel TCD-based method for nCPP assessment in chil-
dren with TBI to estimate CPP absolute values and changes of
CPP over time.

Methods

Patients

We retrospectively studied digital recordings of MCA flow
velocity, ICP, and arterial blood pressure from pediatric TBI
patients admitted to Addenbrooke’s Hospital, Cambridge,
UK, and recruited prospectively between 1992 and 2009 to a
project aimed at daily assessment of cerebral autoregulation in
children with severe TBI. All patients presenting with severe
(admission Glasgow Coma Score (GCS) < 8) or moderate
(admission GCS < 12) traumatic brain injury (TBI), with sec-
ondary neurological deterioration requiring intubation and
mechanical ventilation, were eligible for inclusion in this
study. All patients were sedated and paralyzed as per relevant
time-matching local guidelines for management of TBI in
children.

TBI data collection was approved by the Institutional
Review Board (REC 97/290, 1997). For patients recruited
before 1997, The Neurosciences Users’ Committee allowed
TCD examinations for the assessment of TBI patients. Further
use of the anonymized data was allowed as a part of clinical
audits.

Monitoring and data analysis

ABPwas measured directly from the radial artery calibrated at
the level of the heart (Baxter Health Care Corp.,
CardioVascular Group). ICP was monitored continuously
using a microtransducer placed in the brain parenchyma
(MicroSensors ICP Transducer; Codman and Shurtleff, Inc.).
CPP was calculated as the difference between the mean ABP
and ICP.

Arterial cerebral blood flow velocity (CBFVa) was obtain-
ed bilaterally from the left and right middle cerebral arteries
(MCA) by using a TCD ultrasonography system (DWL
Multidop X4, DWL Elektronische Systeme GmbH), with
the probe held in place during the entire recording using a
head frame provided by the TCD device manufacturer.
Mean CBFVa was calculated as the average between left and
right CBFVa.

Raw signals were digitized using an analog–digital con-
verter (DT 2814, Marlborough, CA, USA) sampled at a fre-
quency of 100 Hz and recorded with ICM+® (Cambridge
Enterprise, https://icmplus.neurosurg.cam.ac.uk/). The
recorded signals were subjected to manual artifacts removal
and analyzed with ICM+®. All parameters were calculated
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and averaged. All calculations were performed over a 10-s
long-sliding window.

Non-invasive CPP calculation

Formula was created using arithmetics described previously
[13]:

nCPP ¼ a1

sPI

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

CVR� Cað Þ2 � HR2 � 2πð Þ2 þ 1
q

mmHgð Þ

where a1 represents the pulse amplitude of the first harmonic
of the ABP waveform, sPI denotes the spectral pulsatility
index; CVR, cerebrovascular resistance; Ca, compliance of
arteries and arterioles; HR, heart rate (expressed in Hz). A
detailed description of the spectral model development and
formula is provided in the appendix.

Statistical analysis

The analysis of the data was conducted with R Studio software
(R version 3.4.1). Multiple recordings were considered as in-
dependent events. Data were tested for normal distribution
using the Shapiro-Wilk test and are presented as median and
interquartile range. All parameters assessed were non-
parametric in nature.

To assess the performance of the proposed method, the
correlation between CPP and the nCPP were verified using
the Spearman correlation coefficient (R, with the level of sig-
nificance set at 0.05), as well as the correlation coefficient in
the time domain during monitoring period.

The Bland-Altman method was used to determine the
agreement between absolute values of invasive CPP and
nCPP, with the respective bias and 95% confidence intervals
(CI) for CPP prediction.

The area under the curve (AUC) of the receiver operating
characteristic (ROC) curve was performed to determine the
ability of nCPP to detect low CPP. Different low CPP thresh-
olds of 50, 60, and 70 mmHg were tested, according to Allen
et al.’s established age-specific CPP thresholds for TBI pa-
tients [4]. The prediction ability is considered reasonable
when the AUC is higher than 0.7, strong when the AUC ex-
ceeds 0.8 and excellent when the AUC exceeds 0.9 [14].

Results

Nineteen patients were included in the study. Their median
age was 15 years (interquartile range (IQR), 13–16; range 3–
16 years; 63% males). We analyzed 69 TCD recordings from

these patients and all other variables collected simultaneously
during that period.

In Table 1, we present the median (IQR) values of the
neurophysiologic variables analyzed. The percentage of mea-
surements presenting low CPP at the threshold ≤ 50 mmHg
was 10% (N = 7), at ≤ 60 mmHg was 28% (N = 19), and at ≤
70 mmHg was 52% (N = 36). The median initial GCS score
was 6.5 (IQR, 5–7; range 3–9).

There was a good correlation between nCPP and invasive
CPP (R = 0.67 [p < 0.0001]) (Fig. 1). The averaged correlation
in the time domain between CPP and nCPP was R = 0.55 ±
0.42 (95% CI, 0.45–0.65). There were three cases where the
correlation in time domain was almost perfect (R > 0.97)
(Fig. 2). The accuracy of the method obtained with Bland-
Altman analysis revealed not only a wide 95% CIs for predic-
tion of ± 40.4 mmHg but also a negative bias of − 19.61
(Fig. 3), means that nCPP overestimated true CPP by about
20 mmHg.

The ability of nCPP to predict CPP ≤ 70 mmHg was excel-
lent, presenting an AUC = 0.91 (95% CI, 0.83–0.99). The op-
timal cut-off values for prediction of a CPP < 70 mmHg was a
nCPP of 73.95 mmHg. The sensitivity and specificity and
positive and negative predictive powers for this threshold
were 0.46 and 0.97 and 0.94 and 0.63 respectively (Fig. 4).
This means that a nCPP < 74 mmHg very likely predicts a
CPP < 70 mmHg.

The ability of nCPP to predict at the thresholds of 60 and
50 mmHg was also good (AUC= 0.80 and AUC = 0.86 re-
spectively), but there were only five episodes with nCPP <
60 mmHg (Table 2).

Discussion

This is, to our knowledge, the first study to evaluate the accu-
racy of TCD in estimating CPP in a cohort of children with
severe TBI. We have demonstrated that it can predict CPP
values below 70 mmHg and that it also has a good correlation
in time domain. This means that TCD-based nCPP allows for

Table 1 Median (IQR) values of the neurophysiologic variables
analyzed

Parameter Median (IQR)

ABP 88.03 (99.81–78.97)

ICP 18.70 (25.68–13.38)

CPP 68.97 (81.71–58.29)

FV 64.73 (77.67–52.82)

nCPP 80.05 (103.99–70.81)

ABP, arterial blood pressure (mmHg); ICP, intracranial pressure (mmHg);
CPP, cerebral perfusion pressure (mmHg); FV, flow velocity (cm/s);
nCPP, spectral non-invasive cerebral perfusion pressure (mmHg)
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monitoring of the patients’ CPP over time and detects im-
provement or deterioration. It can also aid in assessing re-
sponse to treatment or other interventions.

The threshold of 70mmHg for CPP is much higher than the
current guidelines recommendations for children.
Nonetheless, some of our patients were treated before current
guidelines were issued and a higher CPP was targeted. We
tested three different thresholds of nCPP: 50, 60, and
70 mmHg. They all had a good agreement with CPP, but the
performance of our new model was best at the higher thresh-
old. This does not necessarily have a clinical implication and
that was not the aim of this study. There are recent studies
about cerebral autoregulation and optimal CPP in children
with TBI suggesting that higher CPP targets could be linked
to better outcomes [15], but more data are needed to define the
best strategy and CPP goals in the treatment of pediatric TBI.

Unfortunately, our results also demonstrate that currently
the accuracy of this method to estimate absolute CPP values is
not good enough to be applied in the clinical practice and to
substitute invasive measurement of CPP, since nCPP values
overestimated CPP values by about 20 mmHg. We believe
that more data are needed to test this technique and to make
the model more accurate. With larger sample sizes it could be
possible to improve the model taking into account this differ-
ence and adding a correction factor to the formula.

Nonetheless, for clinical decisions, measuring the absolute
value of nCPP is not the only thing that matters; its trend and
how it changes in response to treatment or insults seems

equally important. With our study of correlations in time do-
main, we prove that this can be done and in some cases with
excellent results (Fig. 2).

Another objective of our study was to test the prediction
ability of nCPP to detect low CPP. For a threshold of
70 mmHg, results were excellent with an AUC of 0.91. This
test was very specific (97%) and with very high positive pre-
dictive value (94%). Although the values of the AUC for
thresholds of 60 and 50 mmHg were also good, and are clin-
ically more relevant to the situation of children below the age
of 13 years, we cannot generalize the results because of the
low number of episodes with nCPP < 60 mmHg. As this is a
retrospective data from a historical cohort, the target CPP
limits used were higher than used in current guidelines to
manage TBI in children; it is difficult to extrapolate these
results to present day CPP targets. We do however prove fea-
sibility of the equation to predict nCPP in this small cohort of
children with TBI. Further work is required to see if nCPP
predictions would be still applicable to lower CPP in the range
of 40–60 mmHg to match the current thresholds used
clinically.

Impaired autoregulation is associated with a poor progno-
sis, and observational data suggests that optimal neurologic
outcome and survival are associated with optimal perfusion
pressure both in pediatric and adult population [16, 17].

Thresholds of ICP and CPP are not clear and might be
dependent on the autoregulatory state of the patients [18].
However, no randomized, controlled, interventional data are

Fig. 1 Spearman Correlation
coefficient. nCPP vs CPP: R =
0.67 (P < 0.0001). N = 69
recordings (19 patients)
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available to assess autoregulation monitoring after pediatric
traumatic brain injury.

Non-invasive assessment of CPP and therefore of ICP has
been more widely studied in the adult population using TCD
[19]. In a series of 25 consecutive patients with head injury,
non-invasive CPP was calculated as “ABP × FVd/FVm + 14”
(FVd, FVm diastolic, and mean CBFVa, respectively) and
compared with invasive CPP. The absolute difference between

direct CPP and nCPP was less than 10 mmHg in 89% of
measurements and less than 13 mmHg in 92% of measure-
ments. The 95% confidence range for predictors was no wider
than ± 12 mmHg [20].

In order to use nCPP in clinical practice, the values must be
calculated in real-time analysis. This can be done with ICM+
software. As shown in the time domain analysis examples
(Fig. 4), one can detect changes in CPP by following the
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Fig. 2 a–c Correlations in time domain of nCPP to CPP in three cases with almost perfect correlation. ABP, arterial blood pressure; ICP, intracranial
pressure; FV, cerebral blood flow velocity; CPP, invasive cerebral perfusion pressure; nCPP, spectral non-invasive cerebral perfusion pressure



trends of nCPP. This is particularly valuable in patients with-
out invasive ICP monitoring. There are two potential groups
of patients who could benefit from non-invasive CPP moni-
toring; patients with a contraindication to invasive ICP mon-
itoring (like coagulopathy or scalp infection) and patients
without a clear indication for invasive monitoring who could
potentially benefit from it (moderate TBI with potential to
deteriorate, patients with TBI, and confounders that prevent
adequate neurological assessment like alcohol or drugs intake
or previous neurological lesions). Another reason to use nCPP
would be centers without neurosurgery specialists or expertise
in invasive ICP monitoring.

Our study has some limitations. There were a low number
of episodes with CPP below 60 mmHg in this cohort.
Treatment protocols used in these patients focused on main-
taining an appropriate CPP and episodes of low CPP were
aggressively treated. The number of TCD recordings was

adequate, but the total number of patients is small so that no
speculations regarding lower CPP thresholds used currently in
children can be made. According to data from the Centers for
Disease Control and Prevention (https://www.cdc.gov/
traumaticbraininjury/data/rates_hosp_byage.html), TBI in
children is steadily decreasing over the years. A multicenter
project would allow collection of more robust data and
generalization of the model proposed in the current study.

Conclusions

Non-invasive CPP monitoring with TCD appears to be a fea-
sible method for CPP assessment in pediatric patients with
TBI. The novel spectral CPP tested in this study has a decent
correlation with invasive CPP and can predict low CPP with
excellent accuracy at the 70-mmHg threshold.

Fig. 3 Bland-Altman analysis.
Bias (mean difference), − 19.61
mmHg. 95% CI for prediction, ±
40.40 mmHg

Fig. 4 ROC curve analysis. AUC
for CPP < 70 mmHg, 0.908 (95%
CI = 0.83–0.98); Best threshold,
73.947 (0.800–0.789); sensitivity,
0.46; specificity, 0.97; positive
predictive value, 0.94; negative
predictive value, 0.63
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Further work is required to test the non-invasive CPP pre-
dictions using this equation for CPP thresholds below
70 mmHg.
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