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Abstract 

Background: Management after cerebral arteriovenous malformation (AVM) rupture aims toward preventing 
hemorrhagic expansion while maintaining cerebral perfusion to avoid secondary injury. We investigated associations 
of model-based indices of cerebral autoregulation (CA) and autonomic function (AF) with outcomes after pediatric 
cerebral AVM rupture.

Methods: Multimodal neurologic monitoring data from the initial 3 days after cerebral AVM rupture were retrospec-
tively analyzed in children (< 18 years). AF indices included standard deviation of heart rate (HRsd), root-mean-square 
of successive differences in heart rate (HRrmssd), low–high frequency ratio (LHF), and baroreflex sensitivity (BRS). CA 
indices include pressure reactivity index (PRx), wavelet pressure reactivity indices (wPRx and wPRx-thr), pulse ampli-
tude index (PAx), and correlation coefficient between intracranial pressure pulse amplitude and cerebral perfusion 
pressure (RAC). Percent time of cerebral perfusion pressure (CPP) below lower limits of autoregulation (LLA) was also 
computed for each CA index. Primary outcomes were determined using Pediatric Glasgow Outcome Score Extended-
Pediatrics (GOSE-PEDs) at 12 months and acquired epilepsy. Association of biomarkers with outcomes was investi-
gated using linear regression, Wilcoxon signed-rank, or Chi-square.

Results: Fourteen children were analyzed. Lower AF indices were associated with poor outcomes (BRS [p = 0.04], 
HRsd [p = 0.04], and HRrmssd [p = 0.00]; and acquired epilepsy (LHF [p = 0.027]). Higher CA indices were associated 
with poor outcomes (PRx [p = 0.00], wPRx [p = 0.00], and wPRx-thr [p = 0.01]), and acquired epilepsy (PRx [p = 0.02] 
and wPRx [p = 0.00]). Increased time below LLA was associated with poor outcome (percent time below LLA based 
on PRx [p = 0.00], PAx [p = 0.04], wPRx-thr [p = 0.03], and RAC [p = 0.01]; and acquired epilepsy (PRx [p = 0.00], PAx 
[p = 0.00], wPRx-thr [p = 0.03], and RAC [p = 0.01]).
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Introduction
Cerebral arteriovenous malformation (AVM) rupture is 
a common cause of intracerebral hemorrhage (ICH) in 
children, accounting for up to 50% of cases [1–3]. Given 
the complexity of this condition, intensive care unit 
management is needed in the immediate aftermath of 
ICH. Initial interventional treatments comprise com-
binations of endovascular embolization, microsurgi-
cal removal, and/or radiotherapy [4]. This initial phase 
of treatment is challenged by the need to prevent ICH 
expansion while maintaining adequate cerebral perfu-
sion to avoid secondary brain injury.

An essential element to management after all acute 
brain injury (ABI), including ICH, is the maintenance 
of hemodynamic stability in an environment of altered 
cerebral autoregulation (CA). CA represents the abil-
ity of the cerebrovascular system to maintain cerebral 
blood flow (CBF) over varied cerebral perfusion pres-
sures (CPP) [5, 6] and can be altered after ABI. Evi-
dence suggests that continuous bedside monitoring 
of CA status following severe traumatic brain injury 
(TBI) can help establish optimal, individualized treat-
ment strategies, including identification of an optimal 
CPP value (CPPopt) to provide clinicians with lower 
and upper limit targets for CPP management [7–11]. 
Continuous CPP maintenance within the range of CA 
may help lessen the impact of detrimental secondary 
insults arising from CA impairments [8]. In addition to 
deranged CA, autonomic impairment has been associ-
ated with mortality after ABI and physiologic indices of 
autonomic function (AF) may provide pathophysiologic 
information to guide clinical decision support [12].

Complex physiologic processes cannot be encapsu-
lated or completely understood within a single measure 
of cerebral physiology. A better understanding of com-
plex neurophysiologic processes that are occurring in 
injured brain could potentially lead to novel therapeutic 
strategies to optimize brain homeostasis. In this study, 
we sought to investigate the association of patient char-
acteristics and multiple model-based indices of CA and 
AF with functional outcomes and acquired epilepsy 
after pediatric cerebral AVM rupture. We hypothesize 
that poor AF and poor CA are associated poor func-
tional outcome and acquired epilepsy.

Methods
This was a retrospective study from a prospectively col-
lected clinical database. This study was conducted at 
Phoenix Children’s Hospital (Phoenix Arizona, USA) 
and was approved by the Institutional Review Board (No: 
17-899).

Children (< 18  years of age) with ruptured cerebral 
AVM at a single pediatric intensive care unit who under-
went continuous multimodality neurologic monitoring 
were retrospectively analyzed from September 2014 to 
January 2020. Patients were managed according to insti-
tutional standard of care, which consisted of invasive 
arterial blood pressure (ABP) monitoring and intrac-
ranial pressure (ICP) monitoring with an external ven-
tricular drain (EVD) and/or intraparenchymal probe. 
The decision to place an intraparenchymal probe for 
continuous ICP monitoring in addition to an EVD was 
made on the basis of the risk/benefit ratio by the neuro-
surgeon on call. Upper and lower limits of systolic blood 
pressure and cerebral perfusion pressure were set daily 
by a multidisciplinary team consisting of an intensivist, a 
critical care neurologist and a neurosurgeon. All patients 
who presented or evolved toward a Glasgow Coma Scale 
(GCS) less than 8 were intubated.

The primary aim of this study was to investigate 
the association of model-based indices of CA and AF 
(Table 1) with clinical outcomes after pediatric AVM rup-
ture. Primary outcomes measures were global functional 
outcome as measured by the Glasgow Outcome Score 
Extended-Pediatrics (GOSE-PEDs) at 12  months after 
injury [13] and the development of acquired epilepsy. 
GOSE-PEDs scores range from 1 to 8 with higher values 
representing worsened outcome. Acquired epilepsy was 
assessed by diagnosis made by a board-certified epilep-
tologist on outpatient follow-up not earlier than 1 month 
after injury on the basis of a combination of recurring 
unprovoked seizures and/or epileptiform electroenceph-
alographic studies. We also examined hospital length of 
stay (LOS) as a secondary outcome measure. The asso-
ciations of outcomes with patient characteristics (age, 
gender, hemorrhage, location, anatomical angiographic 
evidence of cerebrovascular vasospasm, Spetzler-Martin 
grade [14]) and physiologic vital signs (heart rate [HR], 
ICP, CPP, ABP, respiratory rate [RR]) were also explored 
to evaluate other factors related to outcomes.

Conclusions: After pediatric cerebral AVM rupture, poor outcomes are associated with AF and CA when applying 
various neurophysiologic model-based indices. Prospective work is needed to assess these indices of CA and AF in 
clinical decision support.

Keywords: Cerebral arteriovenous malformation, Hemorrhagic stroke, Cerebral autoregulation, Autonomic function, 
Pediatric neurocritical care
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Physiologic Data
Patients underwent neurologic and hemodynamic moni-
toring that included ICP (obtained from either external 
ventricular drain [EVD] and/or intraparenchymal probe], 
invasive ABP, and electrocardiogram [EKG]). Continu-
ous physiologic data from all monitoring devices were 
collected and synchronized using a multimodal monitor-
ing device (CNS200; Moberg ICU Solutions, Philadel-
phia, PA). CPP was calculated as the intraparenchymal 
ICP subtracted from mean ABP. Calculation of CPP was 
limited to patients undergoing intraparenchymal ICP 
monitoring. ICM + software (Cambridge, UK) was used 
to visualize and process all multimodality monitoring 
data, and to calculate model-based indices of CA and AF 
(Table 1). Data with substantial artifact observed through 
visual analysis were removed.

A variety of CA indices were explored, including the 
pressure reactivity index [PRx] [10], pulse amplitude 
index [PAx] (t) [15], wavelet PRx [wPRx] [16], thresh-
old-based wPRx [wPRx-thr], and correlation coefficient 
between CPP and ICP pulse amplitude (RAC) [17]. A 
higher value for these indices signified impaired CA. 
PRx was calculated as a moving Pearson correlation 

coefficient between ABP and ICP within a 10-min aver-
aging window [10]. PAx was calculated similarly as a 
moving correlation coefficient between ABP and ICP 
pulse amplitude [15]. RAC was calculated similarly as a 
moving correlation coefficient between ICP pulse ampli-
tude and CPP [17]. wPRx was calculated by taking the 
cosine of the wavelet transform phase shift between ABP 
and ICP [16]. wPRx-thr was calculated similarly to wPRx 
using a wavelet coherence threshold of 0.46, assuming 
that data points with coherence below 0.46 may relate to 
noise not related to CA.

These CA indices are continuous variables represent-
ing the underlying state of CA, and while they offer risk 
stratification, their immediate values are not clinically 
actionable. We therefore evaluated the percentage of 
time patients were below the lower limit of autoregu-
lation (LLA) calculated from these indices. Optimal 
CPP (CPPOpt) values were identified using previously 
described methods [18], by plotting the CPP values ver-
sus values for all CA indices and identifying the minimum 
CPP value on a U-shaped curve fit to the data. CPPopt 
values were calculated every 1  min from CPP and each 
CA index value taken from the moving 4-h monitoring 

Table 1 Model-based indices of cerebral autoregulation and cerebral autoregulation

ABP arterial blood pressure, BRS baroreflex sensitivity, CPP cerebral perfusion pressure, ECG electrocardiogram, HRsd standard deviation of heart rate, HRrmssd root-
mean-square of successive differences of heart rate, Hz hertz, ICP intracranial pressure, LHF low frequency–high frequency ratio, PRx pressure reactivity index, PAx 
pulse amplitude index, RAC  correlation coefficient between intracranial pressure pulse amplitude and cerebral perfusion pressure, sec seconds, wPRx wavelet pressure 
reactivity, wPRx-thr wavelet pressure reactivity index with wavelet coherence threshold of 0.46

Metric Definition Signals considered Calculation  Interpretation 

Cerebral autoregulation indices [higher = impaired]

PRx Pressure reactivity index ABP, ICP Correlation between 30 consecutive 
10-sec means of ABP and ICP

Higher PRx = impaired autoregulation

PAx Pulse amplitude index ABP, ICP Correlation between 30 consecutive 
10-sec means of ABP and ICP pulse 
amplitude

Higher PAx = impaired autoregulation

RAC Correlation coefficient between ICP 
pulse amplitude and CPP

CPP, ICP Correlation between 30 consecutive 
10-sec means of CPP and ICP pulse 
amplitude

Higher RAC = impaired autoregulation

wPRx Wavelet pressure reactivity ABP, ICP Cosine of wavelet transform phase 
shift between ABP and ICP

Higher wPRx = impaired autoregula-
tion

wPRx-thr Wavelet pressure reactivity with 
threshold

ABP, ICP Cosine of wavelet transform phase 
shift between ABP and ICP, with 
wavelet coherence threshold of 
0.46

Higher wPRx-thr = impaired autoregu-
lation

Autonomic function indices [lower = impaired]

BRs Baroreflex sensitivity ECG, ABP Modified cross-correlation method 
of R–R intervals and systolic blood 
pressure

Lower BRS = impaired autonomic 
function

HRsd Standard deviation of HR ECG Standard deviation of R–R intervals Lower HRsd = impaired autonomic 
function

HRrmssd Root-mean-square of successive 
differences

ECG Root-mean-square of the standard 
deviation of R–R intervals

Lower HRrmssd = impaired autonomic 
function

LHF Low–high frequency ratio ECG Spectral power in R–R low frequency 
(0.04–0.15 Hz) divided by high 
frequency (0.15–0.4 Hz)

Lower LHF = impaired autonomic 
function
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window (Fig. 1). CPPopt values were rejected in cases of 
an unreliable U-shaped fitting and corrected by using the 
last reliable U-shaped fitting and the last reliable CPPopt 
value. LLA was determined for each CA index as the 
CPP value at which the curve crossed a threshold value 
for impaired pressure reactivity (PRx, PAx, wPRx, wPRx-
thr = 0.30; RAC = − 0.15) [8–11, 15–19]. The percentage 
of time below LLA for each index of CA was calculated 
for each day. As with the CA indices, a higher value signi-
fied impaired CA.

Indices of AF included baroreflex sensitivity (BRs) and 
three measures of heart rate variability (HRV): stand-
ard deviation of heart rate (HRsd), root-mean-square 
of successive differences in heart rate (HRrmssd), and 
heart rate low–high frequency ratio (LHF). A lower 
value for these indices signifies impaired autonomic 
function. HRV variables were computed from time- 
and frequency-domain analyses according to interna-
tional guidelines [20]. For all HRV variables, a 30-s time 
series of R–R intervals was assessed from EKG that was 
updated every 10 s. HRsd and HRrmssd were computed 
from the time-domain signal. LHF was computed in the 
frequency domain, using Lomb–Scargle periodogram 
to calculate the spectral power of the RR time series in 
the low frequency range (0.04–0.15 Hz) and the high fre-
quency range (0.15–0.4  Hz). BRs was calculated with a 
modification of the sequential cross-correlation method 
as previously described [21, 22]. The applied function 
used ABP systolic peaks to create RR interval time series 
by using an automated detection algorithm. The slope 
of the linear regression between 10-s series of RR inter-
vals and the corresponding 10-s series of systolic blood 
pressure was calculated. A cross-correlation function 
was used to determine the maximum correlation coeffi-
cient and remove the influence of unknown time delay of 

the baroreceptor response. The RR window was shifted 
against the systolic pressure window in a stepwise man-
ner. To ensure that correlation calculations were always 
performed on the same number of data points irrespec-
tive of the lag applied to the RR series, the actual data 
buffer was extended with each window shift. A valid BRS 
value was returned only if the correlation coefficient was 
significant at a p value less than 0.01 and if no irregular 
beats (ectopics) were detected by the ICM + software. To 
compensate for the influence of uncorrelated noise, the 
slope returned was adjusted to the correlation coefficient. 
BRS was updated every 10  s and expressed in millisec-
onds per millimeter of mercury (ms/mmHg).

Statistics
Descriptive data are presented as median, range and 
interquartile range (IQR). The relationship between 
quantitative outcome variables to physiologic quan-
titative predictor variables was assessed using linear 
regression, with physiologic values from the first 3 days 
of monitoring. All physiologic measures were assessed 
independently in an exploratory manner. Regression fits 
with p < 0.05 were considered significant. Physiologic 
indices investigated included median values across each 
day of PRx, PAx, RAC, wPRx, wPRx-thr, BRS, HRrmssd, 
HRsd, LHF, and the percentage of time with CPP below 
LLA based on PRx, PAx, RAC, wPRx and wPRx-thr. Vital 
signs investigated include median values across each day 
of ICP, HR, ABP, CPP, and RR.

We also investigated relationships of patient age, gen-
der, hemorrhage location (middle or anterior cranial 
fossa vs. posterior fossa), Spetzler-Martin grade, and 
the presence of vasospasms) to 12-month GOSE-PEDs 
scores, acquired epilepsy and LOS (days) using either 
the Wilcoxon-ranked sum test, McNemar Chi-Square 

Fig. 1 Optimal CPP Curves observed over a 4-hour window based on PRx (a), PAx (b), RAC (c), wPRx (d) and wPRx-thr (e) for a 7-year-old girl with a 
cerebral AVM rupture fed from the left callosomarginal artery. Distribution of CPP is also shown (f). CPP cerebral perfusion pressure, CPPopt optimal 
cerebral perfusion pressure, LLA lower limit of autoregulation, mmHg millimeters of mercury, PRx pressure reactivity index, PAx pulse amplitude 
index, RAC  correlation coefficient between intracranial pressure pulse amplitude and cerebral perfusion pressure, Std Dev standard deviation, ULA 
upper limit of autoregulation, wPRx wavelet pressure reactivity index, wPRx-thr threshold-based wavelet pressure reactivity index
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test with Yates’ correction or point biserial correlation, 
as appropriate depending on the variable type. Statisti-
cal analyses were performed using MATLAB or R Studio 
version 3.4.1.

Results
Population
Fourteen children were included in the study, treated 
between 2014 and 2020. Data are summarized in Table 2. 
Eight of the 14 (57.1%) patients underwent intraparenchy-
mal pressure monitoring in addition to EVD monitoring 
and were induced in the analysis of CA indices. EKG was 
collected for all children allowing for calculation of AF 
indices. The median age of the patients was 11 years (range 
5–14; IQR 1.5), eight (57.1%) were male, median Glasgow 
Coma Score upon presentation was 5 (range 3–14; IQR 4), 
median Spetzler-Martin grade was 2 (range 1–5; IQR 1), 
and median GOSE-PEDs at 12 months was 3.5 (range 2–8; 
IQR 2). Median length of monitoring was 260.8 h (range 
49.3–487.8; IQR 155.4). Median percent artifact removed 
was 17.9% (range 0.1–77.0; IQR 17.9). All monitoring 
periods between artifacts removed were continuous and 
at least 2 h in duration. Seven patients (50%) experienced 
AVM rupture within the middle or anterior cranial fossa, 
and seven (50%) experienced rupture within the posterior 
cranial fossa. Three (21.4%) experienced cerebrovascular 
vasospasms after AVM rupture. Two patients died (17%). 
Two of the 12 children alive at 12 months were identified 
to have developed epilepsy (17%).

Association of Patient Characteristics with Clinical 
Outcomes
The relationship of outcomes (12-month GOSE-PEDs 
scores, acquired epilepsy, and LOS) with patient char-
acteristics (gender, age, hemorrhage location, Spet-
zler-Martin grade, and occurrence of vasospasms) is 
summarized in Table  3. Hemorrhage in the posterior 
fossa was associated with worse outcome of global func-
tion (p = 0.03). Higher Spetzler-Martin grade was associ-
ated with increased length of hospitalization (p = 0.02). 
No association was found between epilepsy with gender, 
hemorrhage location, vasospasm, age, or Spetzler-Martin 
grade.

Association of Vital Signs with Clinical Outcomes 
and Patient Characteristics
The relationship of vital signs with outcomes is summa-
rized in Table  4. Lower CPP was associated with worse 
global functional outcome based on GOSE-PEDs scores 
(R = − 0.62; p = 0.00), acquired epilepsy (R = − 0.50; 
p = 0.02), and increased LOS (R = − 0.56; p = 0.00). 
Higher ICP was associated with worse global functional 
outcome (GOSE-PEDs scores [R = 0.47; p = 0.01]). Lower 

HR was associated with acquired epilepsy (R = − 0.42; 
p = 0.01).

Association of Physiologic Indices of AF and CA 
with Clinical Outcomes
The relationship of physiologic indices with clini-
cal outcomes is summarized in Table  5. Lower auto-
nomic function indices were significantly related to 
worse outcomes [12-month GOSE-PEDs scores vs. BRS 
(R = − 0.33; p = 0.04), HRsd (R = − 0.37; p = 0.02), and 
HRrmssd (R = − 0.46; p = 0.00); the development of epi-
lepsy vs. LHF (R = − 0.49; p = 0.00); and LOS vs. HRsd 
(R = − 0.32; p = 0.05)]. Higher CA indices were also sig-
nificantly related to worse outcomes [12-month GOSE-
PEDs scores vs. PRx (R = 0.70; p = 0.00), wPRx (R = 0.67; 
p = 0.00), wPRx-thr (R = 0.47; p = 0.01), and percentage 
of time below the LLA based on PRx (R = 0.57; p = 0.00), 
PAx (R = 0.40; p = 0.04), wPRx-thr (R = 0.42; p = 0.03), 
and RAC (R = 0.47; p = 0.01); and the development of 
epilepsy vs. PRx (R = 0.47; p = 0.02) and wPRx (R = 0.46; 
p = 0.03), and percentage of time below the LLA based on 
PRx (R = 0.59; p = 0.00), PAx (R = 0.59; p = 0.00), wPRx-
thr (R = 0.49; p = 0.02), and RAC (R = 0.52; p = 0.01)].

Discussion
We explored the relationships between outcomes with 
patient characteristics, vital signs, and indices of AF 
and CA in children with cerebral AVM rupture. Worse 
outcomes were associated with cerebral AVM rupture 
within the posterior fossa, depressed AF, impaired CA, 
and depressed hemodynamics. Our study is the first to 
explore model-based indices of CA and AF after cerebral 
AVM rupture.

Our findings are consistent with emerging literature 
for multimodal physiologic monitoring of CA after 
ABI. PRx, the most well described index of CA, was 
significantly associated with GOSE-PEDs and acquired 
epilepsy. The relationship of PRx with outcomes has 
been described previously after TBI [8–11], but not 
after pediatric hemorrhagic stroke. A limitation of PRx 
is that it assumes that ICP changes are secondary to 
changes in intracranial arterial blood volume, which 
may not apply when changes are related to impaired 
CSF outflow or cerebral edema. To address this, vari-
ant ICP-derived CA indices have emerged includ-
ing PAx, RAC, and wPRx, each also displaying critical 
thresholds associated with global functional outcome 
[15–17]. These indices utilize ICP waveform changes 
or waveform coherence characteristics to inspect for 
fluctuations in intracranial arterial blood volume. 
Unsurprisingly, we found some of these variant ICP-
derived CA indices were significantly related to out-
comes (wPRx and wPRx-thr) after pediatric cerebral 
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AVM rupture. However, not all variant ICP-derived 
CA indices were significantly related to outcomes (PAx 
or RAC). In our cohort, PRx and wPRx had the high-
est correlation with outcomes. The reasons why PRx, 
wPRx, and wPRx-thr were associated with outcomes, 
but not PAx or RAC are unclear. Both RAC and PAx 
harness ICP pulse amplitude changes instead of ICP 
itself and may provide better insight in  situations of 
high cerebrovascular compliance, which may not be 
readily present in the setting of significant intracranial 
vascular malformations. The pulse transmission of ABP 
to the ICP waveform may be modified by intracranial 
vascular malformation presence, and thus the relation-
ship of these specific indices with CA may differ for 
these patients.

ABI management guided by the LLA has garnered 
increased interest given that optimal CA can be deter-
mined from assessing the U-shaped relationship of CPP 
and CA indices over time. Deviations from CPPopt have 
been associated with worse outcomes in a variety of ret-
rospective studies [9–11, 18, 19, 23–32]. Prospectively, 
a randomized control trial demonstrated that postop-
erative delirium was decreased during cardiopulmonary 
bypass when CPPopt was maintained by managing MAP 
using the transcranial Doppler ultrasound-based mean 
velocity index [33]. We found that after pediatric cer-
ebral AVM rupture, increased time of CPP below LLA 
was associated with worsened outcomes (GOSE-PEDs 
and acquired epilepsy). This relationship was true when 
using any CA index to determine LLA, except wPRx. 
Time below LLA based on PRx had the strongest asso-
ciation with outcomes, similar to the assessment of PRx 
directly. Interestingly, time below LLA based on wPRx 
was not significantly associated with outcome, though 
wPRx directly was. Also interesting was that time below 
LLA based on PAx and RAC was significantly associated 
with outcomes, though not their direct values. Specific 
CA indices themselves may offer risk stratification after 
cerebral AVM rupture, but do not provide immediate 
clinically actionable information. Time below LLA offers 
a potentially modifiable biomarker, raising the possibil-
ity that maintaining CPP above LLA derived from cer-
tain CA indices may improve outcomes. A prospective 
study evaluating the feasibility, safety, and physiologic 
implications of CPPopt-guided management is underway 
in adult severe TBI patients (CPPopt Guided Therapy: 
Assessment of Target Effectiveness [COGiTATE]]; clini-
caltrials.gov identifier NCT02982122) [34]. Similar stud-
ies are needed after cerebral AVM rupture. The reason 
why time below LLA based on wPRx was not associated 
with outcomes is unclear. A higher threshold for wave-
let coherence between ABP and ICP may be needed, as 
demonstrated by the significance of wPRx-thr to GOSE-
PEDs scores and epilepsy. Furthermore, this study may 

Table 3 Association of outcomes with patient characteris-
tics

Statistics are reported based on the test performed due to data types. Values of 
significance are bold

χ2 Chi-square, GOSE-PEDs Glasgow Outcome Scale Extended-Pediatrics, LOS 
length of hospitalization in days, R correlation coefficient, W Wilcoxon weight

Characteristic Statistic p value

GOSE-PEDs Gender W = 26.50 0.79

Hemorrhage location W = 7.00 0.03
Vasospasms W = 6.50 0.13

Age R = 0.18 0.53

Spetzler-Martin grade R = 0.41 0.15

Epilepsy Gender χ2 = 229.00 0.13

Hemorrhage location χ2 = 3.20 0.45

Vasospasms χ2 = 0.00 1.00

Age W = 10.00 1.00

Spetzler-Martin grade W = 9.00 0.91

LOS Gender W = 23.00 0.95

Hemorrhage location W = 13.00 0.16

Vasospasms W = 19.00 0.76

Age R = 0.16 0.59

Spetzler-Martin grade R = 0.61 0.02

Table 4 Association of physiologic vital signs with outcomes

Values of significance are bold

ABP mean arterial blood pressure, CPP cerebral perfusion pressure, GOSE-PEDs Glasgow Outcome Scale Extended-Pediatrics, HR heart rate, ICP intracranial pressure, 
LOS length of hospitalization in days, p p value, R correlation, RR respiratory rate

GOSE-PEDs Epilepsy LOS

R p R p R p

HR 0.14 0.39 − 0.42 0.01 0.11 0.49

RR 0.06 0.72 − 0.28 0.10 − 0.22 0.17

ABP − 0.25 0.12 − 0.23 0.18 − 0.50 0.00
ICP 0.47 0.01 − 0.01 0.97 0.07 0.72

CPP − 0.62 0.00 − 0.50 0.02 − 0.56 0.00
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have been underpowered to fully investigate the associa-
tion of LLA based on wPRx with these outcome meas-
ures and may be better elucidated in a larger study.

Our findings demonstrated associations between clini-
cal outcomes and AF. We found lower BRs to be associ-
ated with poor outcome. Baroreflex systems represent 
the first line of defense in preserving blood flow to the 
brain and aim toward maintaining and stabilizing blood 
pressure on a timescale of seconds by dynamically con-
trolling ventricular contractility, vascular tone, and total 
peripheral resistance through autonomic efferent path-
ways [37]. Lower BRs has been shown to be indepen-
dently associated with infections after ischemic stroke 
[22]. Changes in HRV and BRs have been also associ-
ated with poor outcome in adults after TBI [12] and 
after aneurysmal subarachnoid hemorrhage [35, 36]. 
Our study adds to this body of literature to illustrate the 
potential utility of HRV and BRs in neurologic monitor-
ing of patients experiencing cerebral AVM rupture. In 
our cohort, the three measures of HRV had stronger rela-
tionships with different outcomes. HRrmssd most corre-
lated with GOSE-PEDs (R = − 0.46), LHF most correlated 
with acquired epilepsy (R = − 0.49), and HRsd most cor-
related with LOS (R = − 0.32). HRsd was the HRV index 
with the strongest association with outcomes overall 
having a significant association with GOSE-PEDs and 
LOS, and a near-significant association with the develop-
ment of epilepsy (p = 0.068). Interestingly, the strength 

of association between HRrmssd and LHF had strong 
association with certain outcome measures, but not oth-
ers. LHF was strongly associated with the development 
of epilepsy (R = − 0.49), but not to GOSE-PEDs or LOS 
(R = − 0.1, − 0.06). Likewise, HRrmssd was strongly 
associated with the GOSE-PEDs (R = − 0.46), but not 
with acquired epilepsy (R = 0.1). This suggests that vari-
ous indices of AF may describe different aspects of brain 
health and combinations of these indices may be valuable 
predictors of outcomes. HRsd and HRrmssd represent 
HRV time-domain measures, whereas LHF represents an 
HRV frequency-domain measure that assesses the degree 
of parasympathetic function in relation to sympathetic 
function [38]. Our findings suggest that the interplay 
between sympathetic and parasympathetic function may 
relate to acquired epilepsy, as evidenced by the strong 
relationship of low LHF with epilepsy. The lack of signifi-
cance of LHF to GOSE-PEDs may suggest that the inter-
play between sympathetic and parasympathetic function 
may not relate to functional outcome or may be better 
elucidated in a larger, sufficiently powered study.

Our study uniquely evaluated multiple indices of CA 
and AF that could predict acquired epilepsy. Higher PRx 
and wPRx and more time below LLA based upon PRx, 
PAx, wPRx-thr, and RAC were most associated with 
acquired epilepsy (R values ranging from 0.46 to 0.59). 
This suggests that more time with poor CA may lead to 
epilepsy development. Lower LHF was also significantly 

Table 5 Relationship of physiologic indices with clinical outcomes

Values of significance are bold

% time percent time, AF autonomic function, BRS baroreflex sensitivity, CPPopt optimal cerebral perfusion pressure, GOSE-PEDs Glasgow Outcome Scale Extended-
Pediatrics, HRrmssd root-mean-square of successive differences of heart rate, HRsd standard deviation of heart rate, LHF low frequency–high frequency ratio, LLA lower 
limit of cerebral autoregulation, LOS length of hospitalization in days, p p value, PRx pressure reactivity index pulse amplitude index, R correlation, RAC  correlation 
coefficient between intracranial pressure pulse amplitude and cerebral perfusion pressure, wPRx wavelet pressure reactivity, wPRx-thr wavelet pressure reactivity 
index with wavelet coherence threshold of 0.46

Category Index GOSE-PEDs Epilepsy development LOS

R p R p R p

CA indices PRx 0.70 0.00 0.47 0.02 0.33 0.08

PAx − 0.32 0.09 0.41 0.05 0.23 0.25

wPRx 0.67 0.00 0.46 0.03 0.36 0.06

wPRx-thr 0.47 0.01 0.37 0.08 0.35 0.07

RAC − 0.15 0.44 0.37 0.08 0.18 0.37

% time < LLA of CPPopt PRx 0.57 0.00 0.59 0.00 0.17 0.39

PAx 0.40 0.04 0.59 0.00 0.36 0.06

wPRx 0.18 0.36 0.15 0.51 − 0.12 0.54

wPRx-thr 0.42 0.03 0.49 0.02 0.14 0.49

RAC 0.47 0.01 0.52 0.01 0.20 0.32

AF Indices BRS − 0.33 0.04 0.02 0.90 − 0.19 0.24

HRrmssd − 0.46 0.00 0.10 0.57 − 0.25 0.13

HRsd − 0.37 0.02 − 0.31 0.07 − 0.32 0.05
LHF ratio − 0.10 0.55 − 0.49 0.00 − 0.06 0.74
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related to acquired epilepsy, suggesting that imbalances 
in sympathetic/parasympathetic activity may relate to 
long-term neural hyperexcitability and epileptogenesis. 
These findings raise the possibility that a precision-based 
approach to management of children with AVM rup-
ture using real-time measures of CA and AF may aid in 
improving outcomes and alleviating surviving patients of 
associated comorbidities such as epilepsy.

Limitations
The small sample size from a single institution and the 
retrospective nature of this study limit its interpretation. 
Though limited in number, our cohort was a good rep-
resentation of the population. Thirteen out of 14 of our 
patients (93%) had GCS scores < 8, with prior studies 
showing that up to 50% of children with cerebral AVM 
rupture may have similar presentation [39]. Two (14%) 
of our patients had in-hospital mortality, consistent with 
studies showing immediate mortality rates between 5 
and 25% [2, 40–43]. The analysis was observational and 
did not prospectively look at the response to therapeu-
tic interventions. This needs to be further studied to 
understand what may be potential opportunities for 
clinical management in the future to individualize care 
and improve outcomes. A number of alternative nonin-
vasive model-based indices of CA, including transcra-
nial Doppler ultrasound-based mean velocity index (Mx) 
and near-infrared spectroscopy-based cerebral oximetry 
index (COx) [44, 45], were not investigated in this study 
and warrant future assessment. Similarly, combinations 
of indices were not evaluated. High-resolution multi-
modal monitoring data often carry significant artifact, 
and while substantial effort was made toward its reduc-
tion, some artifact may still exist.

Conclusion
After pediatric cerebral AVM rupture, poor global func-
tional outcome and acquired epilepsy were associated 
with posterior fossa hemorrhage, decreased AF, and 
perturbations in CA as measured in a number of model-
based indices of cerebral physiology. These findings raise 
the possibility that a precision-based approach to neu-
rocritical care management of children with AVM rup-
ture using real-time measures of CA and AF may aid in 
improving outcomes and alleviating surviving patients 
of associated comorbidities such as epilepsy. Larger pro-
spective work is needed to better understand the value 
of these indices in clinical decision support for children 
after pediatric cerebral AVM rupture.
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