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Abstract 

Background and Aims: Intracranial compliance refers to the relationship between a change in intracranial volume 
and the resultant change in intracranial pressure (ICP). Measurement of compliance is useful in managing cardiovas-
cular and respiratory failure; however, there are no contemporary means to assess intracranial compliance. Knowledge 
of intracranial compliance could complement ICP and cerebral perfusion pressure (CPP) monitoring in patients with 
severe traumatic brain injury (TBI) and may enable a proactive approach to ICP management. In this proof-of-concept 
study, we aimed to capitalize on the physiologic principles of intracranial compliance and vascular reactivity to  CO2, 
and standard-of-care neurocritical care monitoring, to develop a method to assess dynamic intracranial compliance.

Methods: Continuous ICP and end-tidal  CO2  (ETCO2) data from children with severe TBI were collected after obtain-
ing informed consent in this Institutional Review Board-approved study. An intracranial pressure-PCO2 Compliance 
Index (PCI) was derived by calculating the moment-to-moment correlation between change in ICP and change in 
 ETCO2. As such, “good” compliance may be reflected by a lack of correlation between time-synched changes in ICP in 
response to changes in  ETCO2, and “poor” compliance may be reflected by a positive correlation between changes in 
ICP in response to changes in  ETCO2.

Results: A total of 978 h of ICP and  ETCO2 data were collected and analyzed from eight patients with severe TBI. 
Demographic and clinical characteristics included patient age 7.1 ± 5.8 years (mean ± SD); 6/8 male; initial Glasgow 
Coma Scale score 3 [3–7] (median [IQR]); 6/8 had decompressive surgery; 7.1 ± 1.4 ICP monitor days; ICU length of 
stay (LOS) 16.1 ± 6.8 days; hospital LOS 25.9 ± 8.4 days; and survival 100%. The mean PCI for all patients throughout 
the monitoring period was 0.18 ± 0.04, where mean ICP was 13.7 ± 2.1 mmHg. In this cohort, PCI was observed to 
be consistently above 0.18 by 12 h after monitor placement. Percent time spent with PCI thresholds > 0.1, 0.2, and 0.3 
were 62% [24], 38% [14], and 23% [15], respectively. The percentage of time spent with an ICP threshold > 20 mmHg 
was 5.1% [14.6].

Conclusions: Indirect assessment of dynamic intracranial compliance in TBI patients using standard-of-care moni-
toring appears feasible and suggests a prolonged period of derangement out to 5 days post-injury. Further study is 
ongoing to determine if the PCI—a new physiologic index, complements utility of ICP and/or CPP in guiding man-
agement of patients with severe TBI.
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Introduction
Traumatic brain injury (TBI) is a leading cause of death 
and long-term neurologic impairment in adults and chil-
dren. Nearly 1 in 5 childhood victims of severe TBI die 
as a direct consequence of their injury, and those that 
survive typically have significant neurological morbid-
ity associated with poor quality of life [1, 2]. Despite the 
public health consequences, standard-of-care neuromon-
itoring for patients with severe TBI has not changed in 
decades. The currently accepted standard-of-care for 
severe TBI focuses on treating elevations in intracranial 
pressure (ICP), while ensuring adequate cerebral perfu-
sion pressure (CPP) [3]. Thus, the “gold standard” for 
monitoring and management of severe TBI currently 
hinges on ICP-directed therapy. Remarkably, the clini-
cal utility of ICP monitoring for severe TBI in both chil-
dren and adults is controversial [4, 5]. Though attempts 
have been made to develop computational tools to enrich 
the utility of ICP monitoring data [6, 7], there exists 
no widely accepted bedside tool to inform a proactive 
approach to management of severe TBI and treatment 
decisions remain largely reactive or empirical. Methodol-
ogy that would guide individualized application of thera-
pies to prevent ICP from exceeding threshold, optimize 
cerebral perfusion, prevent catastrophic herniation, and 
facilitate initiation, titration and weaning of therapies/
interventions would stand to significantly improve neuro-
logical outcomes. Assessment of intracranial compliance, 
i.e., the relationship between a change in intracranial vol-
ume and a resultant change in ICP, may help bridge this 
gap in clinical care. Similar to measuring compliance in 
cardiovascular and pulmonary physiology, assessment of 
intracranial compliance could provide critical insight into 
the capacity of the brain to tolerate abrupt physiologic 
changes and responses to therapeutic interventions.

The objective of this study was to explore whether 
minute-to-minute changes in continuous ICP and end-
tidal carbon dioxide  (ETCO2) data from clinical moni-
tors considered standard-of-care in patients with severe 
TBI could be used to generate a physiologic index to 
indirectly assess intracranial compliance. The premise 
is based on the well-described concept of  CO2-cerebral 
arterial/arteriolar reactivity, where increases or decreases 
in partial pressure of carbon dioxide  (PCO2) produce pre-
dictable vasodilatation or vasoconstriction, respectively, 
quantitatively a 2–7% change in CBF per mmHg change 
in  PCO2 in normal subjects [8, 9] and a ~ 3% change in 
patients with severe TBI including in children [10–14]. 
Since CBF is proportional to blood vessel radius to the 
fourth power and cerebral blood volume (CBV) is line-
arly related to CBF [15], CBV changes exponentially with 
small changes in  PCO2, commonly seen during the ICU 
course for mechanically ventilated patients.  CO2-driven 

changes in CBF and resultant changes in CBV would then 
be reflected as changes in ICP if intracranial compliance 
is poor. As proof-of-concept, we present a description of 
the ICP-PCO2 compliance index (PCI), an algorithm to 
derive a physiologic index that indirectly assesses intrac-
ranial compliance in real time, in eight children with 
severe TBI.

Methods
Study Design
We conducted an Institutional Review Board-approved, 
prospective observational study of children admitted to 
the pediatric intensive care unit (PICU) at UPMC Chil-
dren’s Hospital of Pittsburgh with severe TBI defined 
as a Glasgow coma scale (GCS) score ≤ 8. In our center, 
patients with severe TBI are managed in a team approach 
by pediatric neurocritical care and pediatric neurosurgi-
cal physicians informed by published guidelines [16]. As 
part of standard-of-care, ICP is measured continuously 
with a surgically placed Codman microsensor (Integra 
Life Sciences, Plainsville, NJ, USA) and  ETCO2 with a 
CAPNOSTAT 5 sensor (Respironics, Murraysville, PA, 
USA) in line with the patient’s ventilator. These devices 
are connected to a General Electric Solar 80,001 clini-
cal monitor (GE Healthcare, Chicago, IL, USA). Data are 
temporarily stored on a separate server using BedMaster 
Ex (Excel Medical, Jupiter, FL, USA) software for remote 
viewing and quality assurance review of patient data. 
Patient data used in this study were archived after obtain-
ing informed consent from the parents and/or legal 
guardians. No interventions were performed related to 
this study, specifically minute ventilation was not manip-
ulated to provoke changes in patient  PaCO2 or  ETCO2 
solely for the purposes of data collection.

Estimation of Intracranial Compliance
ETCO2 and ICP were collected every 5  s and archived. 
Customized software was developed to analyze archived 
time series data using MATLAB (MathWorks, Natick, 
MA, USA). Briefly,  ETCO2 and ICP values were sampled 
at 5 s intervals and filtered to remove artifacts, including 
absent values at a given time point that represent moni-
tor malfunction or disconnection, ICP values < 0, and ICP 
or  ETCO2 values > 80 mmHg. Signals were smoothed by 
computation of a local mean representing one-minute 
windows advancing by 5  s per point. The 5  s interval 
data were converted to 1-minute mean  ETCO2 and ICP, 
and minute-to-minute delta  ETCO2 and delta ICP val-
ues. The Pearson’s correlation coefficient was computed 
between 60 min of synchronous  ETCO2 and ICP values 
for the duration of the monitoring time. The Pearson’s 
correlations were smoothed to reveal periodic trends. 
The resulting smoothed correlations define the PCI, an 



index representing the Pearson’s correlation coefficient 
between  ETCO2 and ICP or delta  ETCO2 and delta ICP. 
The equation for calculating PCI is shown in Fig. 1. Hour-
to-hour variability was reduced when calculating the 
Pearson’s correlation coefficient using delta  ETCO2/delta 
ICP vs.  ETCO2/ICP, therefore the correlation between 
the change in  ETCO2 and change in ICP was used for 
determination of PCI.

Descriptive Analysis
Data are presented as mean ± standard deviation (SD) 
or median [interquartile range (IQR)] as appropriate. 
Hourly ICP,  ETCO2, and PCI data for individual patients 
were generated using Prism 7.0c (GraphPad Software, 
Inc., La Jolla, CA, USA). Hourly ICP, CPP, and PCI were 
pooled for all patients and fit to a smooth curve using 
local polynomial regression fitting with a span of 0.10. 
Curve fitting for pooled patient data was performed 
using the ‘geom_smooth’ function in the ‘ggplot2’ pack-
age in R (www.r-proje ct.org and R studio, Boston, MA). 
The percentage of time PCI was above thresholds of 0.1, 
0.2, 0.3, 0.4, and 0.5 is presented as mean, median, 5, 25, 
75, and 95th percentiles.

Results
Demographic data from eight consecutive patients 
with continuous ICP and  ETCO2 monitoring as 
part of the management of severe TBI are shown 
in Table  1. The mean age was 7.1 ± 5.8  years (range 

10  months—15  years), average monitor days 7.1 ± 1.4, 
average PICU length of stay (LOS) 16.1 ± 6.8  days, and 
average hospital LOS 25.9 ± 8.4 days. Most patients had 
intraparenchymal, intraventricular or subarachnoid 
hemorrhage (62.5%) and/or subdural hematoma (50%), 
with 37.5% having midline shift on initial head com-
puted tomography (CT). Six of eight patients under-
went decompressive surgery for relief of mass effect due 
to hemorrhage early after hospital admission and often 
prior to PICU admission and with ICP monitor place-
ment occurring in the operating room (Patients 1, 3, 4, 
and 7). Patients 2 and 8 underwent decompressive sur-
gery at 3 and 5 h after hospital admission, respectively. As 
such, decompressive surgery occurred before data collec-
tion for determination of PCI in all patients. All patients 
survived to hospital discharge with 7/8 discharged to an 
inpatient rehabilitation facility.

PCI was calculated from 978 h of  ETCO2 and ICP moni-
toring (122 ± 33 h/patient). Figure 1 shows the raw ICP and 
 ETCO2 monitor data, plotted at 5-s intervals before and 
after filtering and smoothing, and PCI calculations from 
Patient 3. Hourly ICP,  ETCO2, and PCI data for all patients 
are provided in Supplemental Fig. 1 (for all patients, time 
is displayed as hours since ICU admission). Determining 
the correlation between  ETCO2 and ICP demonstrated 
substantially more variability than determining the correla-
tion between the change in  ETCO2 and the corresponding 
change in ICP. For this reason, we evaluated PCI deter-
mined using changes in  ETCO2 and changes in ICP in this 
patient cohort. The mean PCI across each patient’s entire 

Fig. 1 Estimating intracranial compliance with continuous ICP and  ETCO2 monitoring. Raw data signals are captured from GE Solar 80001 clinical 
monitors and exported to BedMaster Ex. Raw data are filtered to remove nonsensical data and moment-to-moment correlations between  ETCO2 
and ICP and ΔETCO2 and ΔICP are calculated using MATLAB, where Xa is a matrix of  ETCO2 (or ΔETCO2) and Yb is a matrix of ICP (or ΔICP) values. Cor-
relations are binned into 1 h epochs (n = 60). “Good compliance” may be reflected by a lack of correlation between  ETCO2 (gray) and ICP (black), or 
a PCI ~ 0 (—), and “poor compliance” may be reflected by a positive correlation between  ETCO2 and ICP and/or changes in  ETCO2 and ICP over time, 
or a PCI > 0.18 (—). Shown is a patient with a PCI > 0.18 that improved over time (Patient 3). d delta; ETCO2 end-tidal carbon dioxide; ICP intracranial 
pressure; PCI  PCO2 Compliance Index; R correlation (Color figure online)
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ICP monitoring period is shown in Table  2. The average 
PCI for all patients was 0.18 ± 0.04, whereas the average 
ICP for all patients was 13.0 ± 2.8 mmHg. Several distinct 
temporal patterns were observed, including PCI ≤ 0.18 
(cohort mean) throughout the majority of the monitoring 
period; PCI > 0.18 throughout the majority of the monitor-
ing period; and PCI > 0.18 initially that resolved later during 
the monitoring period.

Aggregate data for all patients (n = 8) showing the tem-
poral pattern for PCI, ICP, and CPP are provided in Fig. 2. 
In this cohort, PCI increases over the first 12 h after admis-
sion. Note that the majority of PCI values remain above 
0.18 until ~ 90 h after admission. In contrast, aggregate ICP 
in this cohort remains consistently below our treatment 
threshold of 20 mmHg throughout the monitoring period. 
Aggregate temporal data are also provided for patients that 
did (n = 6) or did not (n = 2) undergo surgical decompres-
sion in Supplemental Fig. 2. There appear to be some tem-
poral differences in PCI and ICP between groups; however, 
because of limited sample sizes particularly in the group 
that did not undergo surgical decompression, comparisons 
between groups are not warranted.

Percent time PCI is above threshold for all patients is 
shown in Fig. 3. The percentage of time spent with a PCI 
threshold > 0.1, 0.2, 0.3, 0.4, and 0.5 was 62.0% [24.3], 37.5% 
[13.7], 22.5% [14.7], 7.9% [12.1], and 1.4% [3.2], respec-
tively. The percentage of time spent with an ICP thresh-
old > 20 mmHg was 5.1% [14.6].

Discussion
We present a method for indirectly assessing dynamic 
intracranial compliance using continuous ICP and  ETCO2 
data. This novel physiologic index calculates the mov-
ing correlations between minute-to-minute changes in 
 ETCO2 and corresponding changes in ICP and is based on 
the physiologic principle of  PCO2-cerebrovascular reac-
tivity, where changes in cerebral blood vessel diameter 
are reflected in changes in ICP under conditions of poor 
intracranial compliance. This method is clinically feasible 
and does not require additional devices or monitors, as 
both ICP and  ETCO2 monitoring are considered standard-
of-care for patients with severe TBI.

A linear relationship has been established between 
the partial pressure of carbon dioxide in arterial blood 
 (PaCO2) and CBV in multiple studies using radioactive 
and fluorescent tracers in animals undergoing hyper-
ventilation and hypoventilation. The slope of this linear 
function is similar between species, including nonhuman 
primates [17–19]. Studies in humans have consistently 
demonstrated that a change in  PCO2 of 1 mmHg yields a 
2–7% change in CBF [20–23] with a subsequent 0.9–2.4% 
change in CBV that is related to changes in arterial CBV 
without changes in venous or capillary CBV [22, 24]. As 
CBV represents approximately 4.5% of brain volume [25, 
26], it can be inferred that intracranial volume changes by 
approximately 0.1% for every 1 mmHg change in  PaCO2 
when  CO2 reactivity is intact [20–23]. Remarkably, 
 CO2-cerebral vascular reactivity has been shown to be at 
least partially intact in patients with severe TBI, where 

Table 1 Clinical characteristics

Abbreviations: F, female; GCS, Glasgow Coma Scale score; GSW, gun shot wound; ICP, intracranial pressure; LOS, length of stay; M, male; MVC, motor vehicle collision; T, 
tracheally intubated

Patient Age Sex Initial GCS Mechanism of injury Surgical 
intervention

ICP monitor 
says

ICU LOS (d) Hospital 
LOS (d)

Dis-
charge 
GCS

1 15 y M 3 MVC DC 6 27 31 15

2 14 y M 7T Struck by debris DC 10 24 27 11

3 10 mo F 3T Abusive head trauma DC 7 13 31 12

4 23 mo M 3T GSW DC 6 9 12 15

5 2 y F 3T GSW None 6 15 40 12

6 3 y M 6 MVC None 8 11 20 15

7 7 y M 3T Pedestrian struck by car DC 7 10 22 15

8 10 y M 3T MVC DC 7 20 24 7

Table 2 Mean PCI and ICP for individual patients

Patient Captured monitor 
time (h)

Mean PCI Mean 
ICP 
(mmHg)

1 85 0.24 14

2 141 0.11 12

3 125 0.12 11

4 132 0.18 15

5 119 0.18 17

6 66 0.19 14

7 139 0.23 14

8 171 0.18 8

All patients 122 ± 33 0.18 ± 0.04 13 ± 3



Fig. 2 Temporal profile of PCI, ICP and CPP in children with severe TBI. Correlation between ΔICP and ΔETCO2 (PCI; blue), vs. ICP (red) and CPP 
(purple) (n = 8). Data displayed as local polynomial regression fitting with 95% confidence interval (CI) and mean ± SEM (ggplot2, geom_smooth, 
span 0.1; www.r-proje ct.org). CPP cerebral perfusion pressure; ICP intracranial pressure; PCI  PCO2 Compliance Index; SEM standard error of the mean 
(Color figure online)
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an ~ 3% change in CBF per 1 mmHg change in PCO2 is 
reported including studies in children [10–14]. When 
intracranial compliance is normal, increases in CBV pro-
duce no change in ICP. When compliance is poor, even 
small changes in CBV can profoundly change ICP. For 
example, in an adult human with 3%  CO2 vasoreactivity 
and a change in  PaCO2 by 10 mmHg, this would repre-
sent an absolute volume of approximately 1 mL. As such, 
 CO2 control is a key strategy in severe TBI management 
[16, 27].

Intracranial compliance is a reflection of the capac-
ity to accommodate for changes in volume of one or 
more of the individual components of the intracranial 
compartment (brain tissue, brain water, CBV, CSF, 
hematoma) without a concomitant change in ICP. For 
perspective, classic studies by Marmarou et  al. deter-
mined compliance using the pressure volume index 
(PVI), a method where direct manipulation of intrac-
ranial volume is used to provoke changes in ICP [28]. 
In these studies, up to 2 mL of CSF was withdrawn to 
calculate  PVIWD and determine a volume limit (Vlimit) 
for each patient, where:

 and:

 in order to “insure adequate perfusion pressure of 
55 mmHg” [29]. Saline was injected into the ventricular 
catheter at a rate of 1 mL/min until Vlimit or  ICPlimit were 
reached to determine actual PVI [28]. In adult patients 
with “uncontrollable ICP” PVI averaged 10.5± 3.7  mL 
during the first 24  h after TBI, and in those identified 
as having a “tight brain”  (PVIWD < 15) the maximum 

Vlimit = PVIWD × Log(ICPlimit/ICPbaseline)

ICPlimit = mean arterial pressure − 55

injection volume did not exceed 1  mL [29]. Relevant to 
our study, the PVI was age-dependent in children with-
out TBI (patients with tethered cord) ranging from 8.2 to 
30.1 mL in 3-month to 14-year-old children, respectively 
[28]. In children with TBI, measured PVI ranged from 
33-89% of predicted PVI, and reduced PVI was an accu-
rate predictor of intracranial hypertension [30]. The find-
ings in our current study, indirectly assessing intracranial 
compliance by determining whether ICP changes occur 
in response to changes in  CO2, are consistent with these 
classic studies that used direct manipulation of intracra-
nial volume to directly assess compliance.

In this cohort of children with severe TBI, the PCI 
increases over the first 12  h after admission, with the 
majority of PCI values remaining above 0.18 until ~ 90 h 
(Fig. 2). The PCI was above a threshold of 0.18 approx-
imately 40% of the monitoring period (Fig.  3). In 
contrast, ICP in this cohort remained below the guide-
lines-based target threshold of 20  mmHg the majority 
of the monitoring period, the latter related to the fact 
that clinical interventions are directed at treating and/
or preventing ICP “spikes” > 20 mmHg [3]. This implies 
that alterations in PCI could reflect a more subtle 
derangement in brain swelling than raised ICP. Indeed, 
ICP was above the most commonly targeted treatment 
threshold of 20 mmHg for 5% of the monitoring period 
in this cohort. Management of ICP includes osmolar 
therapies, sedation, blood pressure manipulation,  CO2 
control, CSF diversion and/or surgical decompres-
sion empirically or in response to ICP above threshold. 
Knowledge of the PCI may allow the clinician to pre-
dict the patient’s response to therapies, permitting pro-
active implementation and titration of medications and 
interventions. Such an approach could individualize the 
application of therapies to prevent intracranial hyper-
tension and catastrophic herniation, optimize cerebral 
perfusion, and facilitate weaning when compliance is 
favorable, and thus direct significant improvements in 
the quality of neurological outcomes in patients with 
TBI and other neurocritical care patients requiring ICP 
monitoring. Support for the potential value of using the 
PCI to help direct management in pediatric TBI was 
suggested in early studies of point assessments of the 
aforementioned PVI [30]. Our proposed continuous 
assessment of PCI builds on that concept, and uses a 
safer approach, where continuous changes in  PaCO2 in 
normal care serve to perturb the intracranial compart-
ment, rather than the need for withdrawal of CSF fol-
lowed by saline boluses.

In this cohort of children with severe TBI several dis-
tinct patterns of PCI were observed. These included 
patients with a PCI ≤ 0.18 throughout the majority of 
the monitoring period, perhaps a reflection of “good 

Fig. 3 PCI thresholds. Percent time above a PCI of 0.1, 0.2, 0.3, 0.4, 
and 0.5 (n = 8, mean (+), median, 5, 25, 75, and 95th percentiles, 
outlier (•)). PCI  PCO2 Compliance Index



compliance” (Table 2 and Supplemental Fig. 1; patient 2); 
patients with a PCI > 0.18 throughout the majority of the 
monitoring period, perhaps a reflection of “poor compli-
ance” (Table  2 and Supplemental Fig.  1; patients 1 and 
7); and an initial PCI > 0.18 that resolved later during the 
monitoring period, perhaps a reflection of transitioning 
from a state of “poor compliance” to “good compliance” 
(Table 2 and Supplemental Fig. 1; patients 3, 6, and 8).

It is important to note that six of the eight patients 
included in this study underwent craniotomy/craniec-
tomy, which would improve intracranial compliance and 
reduce ICP [31, 32]. However, since the PCI is based on 
correlations between changes in  ETCO2 and ICP, and 
not magnitude of change, PCI may yield relevant clinical 
information as to the brain’s capacity to tolerate changes 
in intracranial volume related to changes in CBV, ven-
tricular CSF volume, edema,  or hemorrhage, even after 
craniotomy/craniectomy. Furthermore, intracranial 
hypertension often persists despite decompression [33, 
34] and assessment of compliance remains physiologi-
cally relevant in the lung and vasculature which are not 
confined to a fixed volume as is the case with the intact 
cranial vault. In addition, two patients suffered penetrat-
ing TBI from gunshot wounds, which likely worsened 
intracranial compliance due to cerebral edema surround-
ing the bullet tract [35]. Further study in a larger group 
of patients is necessary to identify the potential signifi-
cance of temporal PCI patterns and the impact of surgi-
cal interventions and penetrating injury.

This exploratory study has other important limitations. 
First is the small sample size. However, this dataset pro-
duced nearly 1000 h of synchronized monitor data, likely 
sufficient to generate prototype mathematical models 
in this proof-of-concept study. A prospective study is 
underway to monitor PCI in a larger cohort of patients 
with severe TBI and evaluate possible associations with 
clinical management and patient outcome. Second, 
patients included in this study spent a limited amount of 
time with an ICP above a threshold of 20  mmHg (5.1% 
of the monitoring time), likely related to the clinical 
emphasis on preventing and treating intracranial hyper-
tension [16]. The PCI and other cerebral physiologic 
measures would be more clinically relevant when ICP is 
increased; however, it remains possible that assessment 
of the PCI would provide clinically relevant information 
even when ICP is being aggressively controlled. Third, 
the PCI relies on the assumption that  CO2 vasoreactiv-
ity is intact.  CO2 vasoreactivity can be reduced after 
TBI; although, it typically remains at least partially intact 
except in the setting of overwhelming injury. In cases 
deemed salvageable and managed with standard-of-care, 
the reported mean  CO2 reactivity in severe TBI patients 
is ~ 3%, including in children [10–14].  CO2 reactivity can 

be blunted by prolonged durations of hyperventilation. 
However, since failed clinical trials of hyperventilation 
[36],  CO2 is no longer manipulated as a therapeutic tar-
get and hyperventilation is avoided [16]. Attempts have 
been made to assess intracranial compliance directly; 
however, none are currently used clinically. This is likely 
due to the fact that these methods either require addi-
tional invasive monitoring [34] or direct manipulation 
of the intracranial space [29]. Our method capitalizes on 
data already collected as part of standard-of-care man-
agement and as such does not require additional invasive 
techniques. Also, we used continuous  ETCO2 as a surro-
gate for  PaCO2, although changes in  ETCO2 strongly cor-
relate with changes in  PaCO2 in mechanically ventilated 
patients [37]. Fourth, our approach is most valid when all 
other parameters that affect CBF and CBV are constant, 
such as responses to metabolic demand or blood pres-
sure autoregulation. While this would rarely be the case, 
the monitoring epochs used (5 s) appear granular enough 
to detect correlations between changes in  ETCO2 and 
ICP in the milieu of other changing physiologic param-
eters, as the vascular response to changes in  CO2 occurs 
in seconds [38]. Fifth, our proof-of-concept study does 
not address the most relevant question from the clini-
cal standpoint, the potential significance of the index to 
predict elevated ICP or other untoward events. Expand-
ing the sample size and dataset and comparison of PCI 
thresholds with clinically meaningful parameters includ-
ing burden of intracranial hypertension and intensity of 
therapies used to control ICP using advanced mathemati-
cal modeling [39] are planned in future studies.

The PCI as currently derived is parsimonious and relies 
on detecting changes in ICP in response to changes in 
cerebrovascular volume. It does not take into account 
other potential contributions to fluctuations in ICP such 
as changes in CSF volume due to outflow or formation 
[40], venous capacitance [41], or increased brain tis-
sue water content. However, under physiologic circum-
stances where a correlation between  ETCO2 and ICP is 
observed (i.e., PCI > 0.18) it could be anticipated that the 
capacity for further CSF or venous outflow is minimal 
due to  exhausted CSF reservoirs secondary to internal 
and/or external drainage, and/or that significant brain 
edema exists. Under physiologic circumstances where 
vascular volume changes can be counter balanced by 
outflow of CSF or venous blood out of the cranium, it 
could be anticipated that fluctuations in ICP will not be 
observed (i.e., PCI < 0.18). The PCI as currently derived 
also does not take into account the time constant of the 
response of cerebral arteries/arterioles to changes in 
 PaCO2 [42]. The cerebrovascular response to changes in 
 PaCO2 has been shown to be rapid [38], and anecdotally 
hyperventilation quickly reduces ICP in patients with 



intracranial hypertension. However, since the time con-
stant of  CO2-induced cerebrovascular changes may differ 
during hyper- versus hypoventilation [43], development 
of PCI models that include cerebrovascular time con-
stants, CBF changes independent of  CO2 reactivity, blood 
pressure autoregulation, and CSF dynamics appears 
warranted. Development of more robust and less parsi-
monious models and use of advanced engineering meth-
odologies including filtering procedures and Markov 
models would also likely reduce variability seen currently 
with the PCI and improve upon clinical utility.

Finally, it has been shown in classic studies that age is 
an important determinant of intracranial compliance 
[28]. At equal pressure, for example, in a series of 23 nor-
mal children and 7 normal adults, the mean compliance 
of infants was 0.34 while that of the older children was 
0.62. This is anticipated given the smaller neuroaxis vol-
ume in infants, and an age-dependent PVI was demon-
strated. The impact of age would thus need to be included 
in the evaluation of compliance using PCI and should be 
characterized in future studies including assessment of 
PCI in adult TBI patients.

Conclusions
Indirect assessment of dynamic intracranial compli-
ance in TBI patients using standard-of-care monitoring 
appears feasible. Further study is ongoing to determine if 
the PCI compliments utility of ICP and/or CPP in guid-
ing management or assessing prognosis in pediatric and 
adult patients with severe TBI.
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