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Abstract

Introduction: The optimal method to detect impairmentsin
cerebrovascular pressure autoregulation in neonates with
hypoxic-ischemic encephalopathy (HIE) is unclear. Improv-
ing autoregulation monitoring methods would significantly
advance neonatal neurocritical care. Methods: We tested
several mathematical algorithms from the frequency and
time domains in a piglet model of HIE, hypothermia, and hy-
potension. We used laser Doppler flowmetry and induced
hypotension to delineate the gold standard lower limit of
autoregulation (LLA). Receiver operating characteristics
curve analyses were used to determine which indices could

distinguish blood pressure above the LLA from that below
the LLA in each piglet. Results: Phase calculation in the fre-
quency band with maximum coherence, as well as the cor-
relation between mean arterial pressure (MAP) and near-in-
frared spectroscopy relative total tissue hemoglobin (HbT)
or regional oxygen saturation (rSO,), accurately discriminat-
ed functional from dysfunctional autoregulation. Neither hy-
poxia-ischemia nor hypothermia affected the accuracy of
these indices. Coherence alone and gain had low diagnostic
value relative to phase and correlation. Conclusion: Our
findings indicate that phase shift is the most accurate com-
ponent of autoregulation monitoring in the developing
brain, and it can be measured using correlation or by calcu-
lating phase when coherence is maximal. Phase and correla-
tion autoregulation indices from MAP and rSO, and vasore-
activity indices from MAP and HbT are accurate metrics that
are suitable for clinical HIE studies. ©2019S. Karger AG, Basel
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Introduction

Cerebral pressure autoregulation buffers the changes
in systemic arterial blood pressure to maintain a steady
cerebral blood flow (CBF). Dysfunctional autoregulation
with pressure-passive CBF may be a key contributor to
secondary brain injury in neonatal hypoxic-ischemic en-
cephalopathy (HIE) [1-5]. Though several techniques
can be used to monitor autoregulation, which method
produces the greatest accuracy in HIE is unclear. Identi-
fying the most accurate autoregulation monitoring meth-
od for use in clinical trials would advance neonatal neu-
rocritical care.

Autoregulation is monitored by detecting the relation-
ship between cerebral perfusion pressure (CPP) and CBF.
Autoregulatory vasoreactivity is measured by the rela-
tionship between CPP and cerebral blood volume (CBV).
In neonates, mean arterial pressure (MAP) is the only ac-
cessible clinical indicator of CPP. Continuous measures
of CBF and CBV in the neonatal clinical setting can be
challenging. Transcranial Doppler is commonly used to
measure CBF velocity, and changes in intracranial pres-
sure (ICP) can identify CBV fluctuations [6]. However,
Doppler cannot be conducted continuously for multiple
days, and continuous ICP monitoring is not possible in
most neonates.

Near-infrared spectroscopy (NIRS) can be applied
noninvasively and continuously to obtain indicators of
CBF and CBYV that are used to measure autoregulation
and vasoreactivity [6-8]. The regional cortical oxygen
saturation (rSO,) correlates with CBF during periods of
stable arterial oxygen saturation and steady cerebral met-
abolic rate [9-11]. Fluctuations in relative total tissue he-
moglobin (HbT), which is the sum of oxygenated and de-
oxygenated hemoglobin, can detect regional changes in
CBV [6, 11, 12].

Multiple mathematical approaches are used to inter-
rogate the relationship between blood pressure and CBF
or CBV and generate autoregulation and vasoreactivity
indices. These approaches can be classified into frequen-
cy [13, 14] and time [15] domain analyses. Autoregula-
tion has a characteristic impulse-response time that
makes the frequency domain attractive because these
methods give frequency-specific results. In time-domain
analysis, the signals are filtered in the frequency band of
cerebral pressure autoregulation before the correlation
between perfusion pressure and CBF or CBV is calculat-
ed, providing a similar frequency-specific measure.
Though both domains have been used to study autoregu-
lation in HIE [1-4], they are not interchangeable. Direct
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comparisons between the domains have not been thor-
oughly tested in HIE. Such a comparison is essential to
ensure that the most accurate autoregulation metric is
used in clinical research and potentially advanced into
clinical practice.

We analyzed data from a piglet model of HIE, hypo-
thermia, rewarming, and controlled hypotension to com-
pare frequency- and time-domain mathematical process-
ing. We used laser Doppler flowmetry (LDF) to measure
relative CBF and calculate each piglet’s lower limit of au-
toregulation (LLA), and thereby distinguish functional
from dysfunctional autoregulation [6, 11]. We hypothe-
sized that the phase calculation in the bandwidth with
highest coherence between MAP and HbT would distin-
guish blood pressure above the LLA from that below the
LLA more accurately than the other indices.

Additionally, hypoxic-ischemic (HI) brain injury and
hypothermia affect accuracy in detecting the LLA with
NIRS [9-11]. Potential oxidative stress [16] and proin-
flammatory cytokine shifts [17] during rewarming could
affect the magnitude of subsequent vasoreactive responses.
If the relative change in vascular responses above the LLA
compared to that below the LLA is reduced after rewarm-
ing, an index’s ability to detect this change and distinguish
functional from dysfunctional autoregulation might be re-
duced. We secondarily tested whether hypoxia-ischemia,
hypothermia, and rewarming decrease accuracy in distin-
guishing blood pressure above or below the LLA relative to
that of a sham procedure or normothermia.

Materials and Methods

We analyzed data from piglets that we have previously report-
ed to conserve animals [9-11]. The Johns Hopkins University An-
imal Care and Use Committee approved all protocols, and all pro-
cedures complied with the United States Public Health Service
Policy on the Humane Care and Use of Laboratory Animals and
the Guide for the Care and Use of Laboratory Animals. We en-
sured animal comfort at all points in the protocols.

Within each study [9-11], male piglets (age: 3-5 days; body
weight: 1-2.5 kg) were randomized to undergo hypoxia-ischemia
or a sham procedure (Fig. 1). Some piglets were also randomized
to receive normothermia, sustained whole-body hypothermia, or
hypothermia and rewarming. Others recovered for 1 or 2 days af-
ter hypoxia-ischemia. All piglets with available autoregulation data
were analyzed for our study.

Anesthesia and Surgery

We induced general anesthesia with 5% isoflurane in 50%/50%
nitrous oxide/oxygen through a nose cone. The piglets were intu-
bated and mechanically ventilated to maintain normocapnea. A
femoral venous catheter and a femoral arterial catheter were placed
for intravenous (i.v.) fluids, medications, blood sampling, and

Govindan/Brady/Massaro/Perin/
Jennings/DuPlessis/Koehler/Lee



| Hypoxia-ischemia (HI) or sham procedure |

i N

| 6 h normothermia | 2 h normothermia +
4 h hypothermia (32°C)

Y +

Lower the blood pressure to identify
the lower limit of autoregulation (LLA)

Y Y

HI hypothermia: n = 6 HI hypothermia: n = 5
, | Sham normothermia: n = 6 Sham hypothermia: n = 6

©  Continuous general anesthesia

<

| HI or sham procedure |

v

Emerge from anesthesia 3 h after resuscitation
(or time equivalent in sham)

.=

E

£

5 | Anesthesize 1 day after HI | | Anesthesize 2 days after HI |
€

S

z | Lower the blood pressure to identify the LLA |

| HI 1-day recovery: n =7 | HI 2-day recovery: n =7
cv Sham 2-day recovery:n =7

| HI or sham procedure |

2h normothermia/ \2 h normothermia

Continuous 20 h hypothermia +
hypothermia for 21 h rewarming at 4°C/h

v

Reach normothermia
at21h

Y v

Lower the blood pressure to identify the LLA at
equivalent time points after inducing hypothermia

Continuous general anesthesia

A Y
HI hypothermia: n = 4 Hl rewarm:n = 6
Sham hypothermia: n = 5 Sham rewarm:n =5

o
<
<

Fig. 1. Data on piglets of 3 previously published studies [9-11] were analyzed. a-c Each study’s design and group allocation after ran-

domization.

continuous arterial blood pressure monitoring. Fentanyl (10 pg/kg
bolus + 10-20 pg/kg/h i.v.) was started, and the isoflurane was de-
creased to 1.5%. All piglets received vecuronium (1 mg/kg/h) to
prevent respiratory effort during the hypoxia-asphyxia protocol
for hypoxic-ischemic (HI) injury, and to provide the same anes-
thetic to all groups. A 5-Fr balloon catheter was inserted into the
contralateral femoral vein, and then advanced into the inferior
vena cava for later inflation to induce controlled hypotension.
Three cranial, frontoparietal burr holes (<4 mm each) were made
for placement of the laser Doppler probe (Moor Instruments, Dev-
on, UK, model DRT4), ICP monitor, and temperature probe. An
NIRS pediatric optode (Covidien, Boulder, CO, USA) was placed
on the skin contralateral to the invasive monitors to measure con-
tralateral frontoparietal cortex. We decreased the isoflurane to 0.4
[10] or 0.8% [9, 11] upon completion of surgery. The fentanyl and
nitrous oxide were continued for the rest of the experiment.

For the cohort of piglets that emerged from anesthesia, we re-
induced anesthesia as described above 1 or 2 days after hypoxia-
ischemia or the sham procedure (Fig. 1c). The femoral 5-Fr venous
balloon catheter and intracranial monitors were placed during the
second anesthetic.

HI Brain Injury

We previously published our HI injury protocol [18]. This pro-
tocol produces hypoxic and ischemic neuronal and glial cell injury
in the cortex, white matter, and putamen [9, 18-20]. Briefly, we low-
ered the inspired fraction of oxygen (FiO,) to 0.10 for 45 min, fol-
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lowed by 5 min of room air which is required for successful cardiac
resuscitation. The endotracheal tube was then clamped for 7 min to
produce asphyxia. We resuscitated the piglets with chest compres-
sionsand epinephrine (0.1 mg/kgi.v.). Piglets that did not resuscitate
by 3 min of compressions were excluded. Sham piglets received the
same anesthesia and surgery but did not undergo hypoxia-ischemia.

Temperature

Some piglets remained normothermic at a goal rectal tempera-
ture of 37.5-39.5°C (normothermia for pigs) with warming blankets
and a heating lamp (Fig. 1). Piglets randomized to receive hypother-
mia had whole-body cooling initiated 2 h after resuscitation from
hypoxia-ischemia or the equivalent time in shams. Hypothermia was
induced with a cooling blanket and ice-packs to achieve a goal rectal
temperature of 32 °C. We delayed hypothermia induction by 2 h to
mimic the cooling delays that may occur during clinical treatment of
HIE. Some piglets received whole-body rewarming at 4 °C/h. Re-
warming was accomplished by increasing the water temperature that
circulated through the blanket and applying warm packs. Rewarm-
ing did not overshoot the normothermic goal temperature. Sham
piglets received the same temperature regimen as the HI piglets.

Cerebral Signal Acquisition

We synchronously sampled the LDF, NIRS rSO, and HbT, ICP,
and MAP at a sample rate of 100 Hz with ICM+ software (Cam-
bridge University, Cambridge, UK). The HbT was obtained from
NIRS measurements at an 805-nm wavelength, which is isosbestic
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Fig. 2. Examples of cerebral blood flow measurements by laser
Doppler flowmetry (LDF) in 3 piglets. The vertical line demarcates
each piglet’s lower limit of autoregulation. a, b Two different pig-

to both deoxy- and oxyhemoglobin [6]. All signals were averaged
in 10-s consecutive windows. This operation resamples the data at
0.1 Hz and eliminates high-frequency noise from respiration and
pulse, but still permits signal analyses of oscillations <0.05 Hz [15].
The CPP was calculated as MAP - ICP. Changes in CBF were es-
timated by LDF and rSO, [9-11]. Fluctuations in CBV were esti-
mated by ICP and HbT [6].

Identifying the LLA

After obtaining data for at least 2-3 h during normotension with
an apparent LDF autoregulatory plateau, we slowly inflated the bal-
loon catheter in the femoral vein over 2-3 h, using a syringe pump to
decrease venous return. In rewarmed pigs, the balloon catheter infla-
tion began after normothermia was reached. A scatter plot was gen-
erated between CPP and LDF for each piglet across the entire 2-3 h
period of balloon catheter inflation (Fig. 2). We then identified each
piglet’s LLA by using piecewise regression of the plot of LDF asa func-
tion of CPP (SigmaStat 3.1, Systat, San José, CA, USA). We reported
the piglets’ LLA values previously (online suppl. Table 1; for all online
suppl. material, see www.karger.com/doi/10.1159/000499425) [9-
11]. The investigator who calculated the LLAs (J.K.L.) was blinded to
the time- and frequency-domain indices.

Frequency- and Time-Domain Analytics

We summarize the frequency domain analytics of autoregula-
tion and their different interpretations. When blood pressure is on
the autoregulatory plateau, the input (MAP or CPP) wave is not
transmitted to the output CBF. This generates low coherence and
low gain between blood pressure and CBF. Functional vasoreactiv-
ity is identified when an increase in blood pressure causes a de-
crease in CBV, thereby generating coherence with a negative phase
shift (blood pressure and CBV are out of phase). When blood pres-
sure is below the LLA with pressure-passive CBF and CBV, blood
pressure is coherent to both CBF and CBV with a positive phase
shift (blood pressure and CBF or CBV are in phase) and a high gain.
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lets that received hypoxic-ischemic (HI) brain injury and hypo-
thermia. ¢ HI-injured piglet with normothermia.

In the time domain, the blood pressure along the autoregula-
tory plateau generates a near-zero correlation between blood pres-
sure and CBF. Functional vasoreactivity results in a negative cor-
relation between blood pressure and CBV with a negative phase
shift (out-of-phase). When blood pressure is below the LLA, there
is a positive correlation between blood pressure and CBV or CBF
with a positive phase shift (in-phase).

Frequency- and Time-Domain Signal Processing

We exported the data from ICM+ to MATLAB (Mathworks
Inc., Natick, MA, USA), and an investigator blinded to the piglet
treatment group (R.G.) calculated the autoregulation and vasore-
activity indices offline. Autoregulation indices were generated
from 3 pairs of input and output signals: (1) MAP and rSO,, (2)
CPP and LDF, and (3) MAP and LDF. We also calculated vasore-
activity indices from 3 pairs of input and output signals: (1) MAP
and HbT, (2) CPP and HbT, and (3) MAP and ICP. Though only
the MAP and NIRS rSO, and HbT are routinely available during
neonatal neurocritical care, for comparative purposes, we included
the additional signal pairs commonly used in translational and
adult autoregulation studies. The relationship between transcra-
nial Doppler (analogous to laser Doppler flux) and either MAP
[21] or CPP [22], depending on the availability of ICP monitoring
to calculate CPP, has been well described as an autoregulation
measure. Classic vasoreactivity monitoring in adult and pediatric
studies has been derived from the pressure reactivity index, with
MAP as the input and ICP as the output [23, 24].

Each piglet’s signals were partitioned into consecutive 6-min
epochs. This method provides a balance between having an ade-
quate time span in each epoch that is long enough to accurately
detect events that last 1 min [25], but short enough to obtain mul-
tiple measurements with perfusion pressure above or below the
LLA. This ensured autoregulation index comparisons in equiva-
lent time epochs. The 6-min epoch approximates the epoch that is
frequently used in correlation analyses [26] and exceeds the epoch

Govindan/Brady/Massaro/Perin/
Jennings/DuPlessis/Koehler/Lee



length of other coherence studies using short datasets in the low-
frequency band [27].

We used 4 mathematical algorithms to calculate indices from
spectral coherence (COH), cosine of the cross-spectral phase, gain,
and Pearson’s correlation coefficient for each pair of signals. These
methods are described in detail below. In total, this method gener-
ated 12 autoregulation indices and 12 vasoreactivity indices.

A representative index value for dysfunctional autoregulation
was generated for each piglet by averaging all values obtained from
epochs with a CPP of 23 mm Hg below the LLA. Similarly, a rep-
resentative index value for functional autoregulation was calcu-
lated as the average of all values from epochs with a CPP of 23 mm
Hg above the LLA. Thus, each piglet had 1 index for dysfunction-
al autoregulation (blood pressure below the LLA), and 1 for func-
tional autoregulation (blood pressure above the LLA) from each
signal pair (e.g., MAP and HbT) and mathematical algorithm (e.g.,
cosine of the cross-spectral phase). We excluded data from CPP of
<3 mm Hg above or below the LLA to clearly distinguish dysfunc-
tional from functional autoregulation.

COH (Frequency Domain)

In piglets, spontaneous fluctuations in MAP and ICP and the
corresponding changes in rSO, and HbT operate in the time scale
of approximately 50-300 s [6, 15]. Coherence was calculated in the
frequency range 0.003-0.02 Hz (50-333 s) where piglet autoregu-
lation is detectable. Several methods can be used to estimate coher-
ence, including the multivariate autoregressive (MAR) approach,
the Welch periodogram approach [28], and the smoothing of spec-
tral quantities or tapering approach [27, 29]. Because the MAR
method is most suitable for datasets with a small number of sam-
ples within relatively short time epochs, [30] we used this ap-
proach. This is also consistent with methodology in other studies
with short epochs [27, 31].

We modeled the data using an MAR process with model order
determined by the Akaike information criterion [32]. The model
order varied between 28 and 40 for different datasets. For consis-
tency, we set a model order of 40 for all datasets. We estimated the
regression coefficients through a modified Yule-Walker approach
[27, 30] and calculated a covariance matrix from the residual errors.
The MAR coefficients and error covariance matrix were used to cal-
culate the cross-spectrum between the 2 signals and the auto (power)
spectra of the 2 signals [30]. Then, we calculated the COH as the ra-
tio of the square of the magnitude of the cross-spectrum to the prod-
uct of the auto-spectra of the 2 signals. COH is a continuous measure
that approaches 1 as two signals become increasingly associated but
does not discern the presence of phase shift between two signals that
have power in a common frequency. In cases of perfect association,
the COH is 1 regardless of the phasic relationship. COH is zero when
the 2 signals are not associated. We used the maximum COH within
the frequency 0.003-0.02 Hz for the statistical analysis.

Cosine of the Cross-Spectral Phase (Frequency Domain)

We identified the frequency band with maximum COH within
the frequency range 0.003-0.02 Hz where piglet autoregulation is
detectable [6, 15]. We then calculated phase shift between the input
and output signals using the cross-spectrum at the frequency band
with maximum COH. The emphasis on studying phase shift in
coherent data is similar to wavelet transform phase shift methodol-
ogy that calculates phase only when coherence exceeds 0.48 [33].
However, our method differed, in that we did not use a coherence
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threshold. Rather, we calculated the phase in the frequency band
of maximum COH, and we did not require the data to pass a pre-
determined COH limit. The phase value was then cosine-trans-
formed for analysis (phase).

Gain (Frequency Domain)

We calculated the input-output transfer gain as the ratio of the
magnitude of the cross-spectrum to the power spectrum of the in-
put signal [14]. The gain value at the frequency of maximum co-
herence in the range 0.003-0.02 Hz was used for the statistical
analysis.

Pearson’s Correlation Coefficient (Time Domain)

We calculated the Pearson’s correlation coefficient (COR) be-
tween signal pairs averaged in 10-s epochs. When autoregulation
is functional, and MAP is above the LLA and along the autoregula-
tory plateau, the analysis of blood pressure (MAP or CPP) and CBF
(LDF or rSO,) yields a negative or near-zero COR (incoherent or
coherent with a phase shift). When MAP is below the LLA during
dysfunctional autoregulation, COR approaches 1 and becomes in-
creasingly positive with progressive impairments in autoregula-
tion (coherent with a minimal phase shift).

The inverse relationship between blood pressure (MAP or
CPP) and CBV (ICP or HbT) during functional vasoreactivity gen-
erates a negative COR that approaches -1 with robust vasoreactiv-
ity (coherent with a phase shift). Dysfunctional and pressure-pas-
sive vasoreactivity yields a positive COR that approaches 1 (coher-
ent with minimal phase shift).

Statistical Analysis

We used receiver operating characteristics (ROC) analyses to
describe each index’s ability to distinguish functional autoregula-
tion or vasoreactivity (CPP above the LLA) from dysfunctional
autoregulation or vasoreactivity (CPP below the LLA). The 95%
confidence interval (CI) of the area under the ROC curve (AUC)
was determined by bootstrapping piglets with >1,000 replications
for each index [34]. We estimated the index AUC and CI for all
piglets and separately for the HI piglet group and the sham group.
Based on visual inspection of a graph of AUCs (Fig. 3, 4), the indi-
ces with the highest estimated AUCs were placed into “group 1”
and those with the lowest AUCs into “group 2.” We also estimated
AUCs and 95% bootstrap CIs for piglets stratified by normother-
mia, sustained hypothermia, or rewarming.

Then, we used a pairwise bootstrap approach to compare each
index’s AUC against all others. We conducted these analyses using
data from all piglets and separately among HI piglets and among
shams. We used the bootstrap method to resample piglets while
accounting for each piglet having multiple measures at different
instances, and we compared the resulting distribution of estimated
AUC for each index pair. We randomly permuted the index type
of each piglet to simulate an environment under the null hypoth-
esis that the indices are equally good measures, as is recommended
for hypothesis testing with the bootstrap method [35]. We com-
pared the difference in AUC between each index pair to the boot-
strap-constructed distribution of differences under the null hy-
pothesis of no difference (equivalent to a A [difference] in AUC of
0) [36]. Because the number of index pairs is large (24 indices,
choose 2 = 276 comparisons), we adjusted for multiple compari-
sons to maintain an overall type 1 error rate of 0.05 using Ben-
jamini and Hochberg’s method [37].
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To explore whether hypoxia-ischemia affected each index’s
ability to distinguish CPP above and below the LLA, we estimated
the difference in AUC between HI piglets and shams, and then
tested this difference against the null hypothesis of no difference
(AAUC 0). We also explored whether temperature affected each
index’s ability to discriminate CPP above the LLA from CPP below
the LLA. To accomplish this, we made pairwise comparisons be-
tween the normothermia, sustained hypothermia, and rewarming
groups, to determine whether the difference in AUC between pig-
lets of different temperature regimens differed from the null hy-
pothesis of no difference (AAUC 0).

Results

Data were available for 68 piglets. Two piglets were
excluded because their blood pressure decreased too rap-
idly, and so the 6-min epochs could not be constructed
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for the CPP below the LLA. The mean (standard devia-
tion) number of 6-min epochs in periods with CPP below
or CPP above the LLA was 46.6 + 44.9 (range 1-249) and
131.7 + 94.8 (range 12-395), respectively, for all piglets in
all experimental conditions. The mean values of each in-
dex for CPP above or below the LLA are shown in online
supplementary Table 2.

Comparison of the Indices’ Abilities to Discriminate

between CPP above and CPP below the LLA in

All Piglets

The AUC values with 95% CI for the COR, phase,
COH, and gain indices are shown in Figure 3. Indices in
group 1 demonstrated a high discriminatory ability to
distinguish whether CPP was above or below the LLA.
The group 1 indices were CORcpp.aprs CORMAP-HBT>
Phasecpp-tipr, CORMap-1cps Phasenap s CORMaP-rs02:
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Table 1. Statistically significant pairwise comparisons of the receiver operating characteristics AUC for autoregulation and vasoreactiv-

ity indices in all 66 piglets

Group 1 Group 2
COR COR Phase Phase COH COH COH COH COH COH
MAP-LDF  CPP-LDF MAP-LDF  CPP-LDF MAP-rSO,*  MAP-LDF CPP-LDF MAP-HbT* MAP-ICP CPP-HbT
COR MAP-HbT* A0.16* A0.17* A0.18* A0.20% A0.21* A0.35*
(0.10-0.23) (0.09-0.25) (0.11-0.26) (0.13-0.27) (0.13-0.30) (0.27-0.43)
COR MAP-rSO2* A0.12* A0.13* A0.14* A0.16* A0.17* A0.31*
(0.06-0.19) (0.07-0.20) (0.08-0.22) (0.09-0.24) (0.09-0.26) (0.23-0.40)
COR CPP-HbT A0.12* A0.14* A0.15*% A0.15*% A0.17* A0.18* A0.19* A0.21* A0.22* A0.36*
(0.06-0.19)  (0.08-0.21)  (0.07-0.23)  (0.08-0.23) (0.10-0.24) (0.10-0.25) (0.11-0.27) (0.13-0.29) (0.14-0.30) (0.27-0.44)
COR MAP-ICP A0.14* A0.15* A0.17* A0.18* A0.32%
(0.06-0.22) (0.08-0.24) (0.10-0.25) (0.11-0.26) (0.24-0.41)
Phase MAP-HbT* A0.13* A0.14* A0.15* A0.17* A0.18* A0.32*
(0.06-0.20) (0.06-0.21) (0.08-0.23) (0.10-0.25) (0.09-0.27) (0.24-0.41)
Phase MAP-rSO,* A0.12* A0.13* A0.14* A0.16* A0.17* A0.31*
(0.06-0.19) (0.06-0.20) (0.07-0.22) (0.10-0.23) (0.08-0.26) (0.23-0.40)
Phase CPP-HbT A0.16* A0.16% A0.18* A0.20* A0.21* A0.35*
(0.09-0.23) (0.09-0.24) (0.10-0.25) (0.12-0.27) (0.13-0.29) (0.26-0.43)
Phase MAP-ICP A0.13* A0.15* AO.16* A0.30*
(0.05-0.21) (0.08-0.23) (0.08-0.24) (0.21-0.39)

Data shown represent the difference in area under the curve (AUC), i.e., group 1 index — group 2 index (A) and 95% confidence intervals. * Adjusted p < 0.05. COR, correlation;
MAP, mean arterial pressure; LDF, laser Doppler flowmetry; CPP, cerebral perfusion pressure; Phase, cosine of the cross-spectral phase; COH, spectral coherence; rSO,, near-infrared
spectroscopy regional oxyhemoglobin saturation; HbT, near-infrared spectroscopy relative total tissue hemoglobin; ICP, intracranial pressure.

2 The index was derived from parameters that are available during neonatal clinical care.

Phaseyap.rso2> and Phasepap.1cp. In contrast, the group 2
indices had a modest, and, in some cases, a poor discrim-
inatory ability. The group 2 indices were CORyap.1DF
CORcpp.1pr» Phaseccp.ipr, Phaseniaprpr, COHpap-rs025
COHwmap-tors COHcpp.1or, COHyMap-bT, COHMAP-1CPS
COHcpp.ppr,  Gaingpp.pr,  Gainyap.rprp,  Gainpap.
1cp>Gainyap.ab> Gainepp_pprs and Gainyap_rsoo-

Pairwise comparisons revealed no significant AUC
differences among the indices of group 1, suggesting
comparable discriminatory ability across these metrics
(adjusted p > 0.05 for all comparisons; Fig. 3). Several in-
dices in group 1 had significantly higher AUCs than those
in group 2 (Table 1). The AUCs of all group 1 indices sig-
nificantly exceeded that of each gain metric (adjusted p <
0.05 for all comparisons; data not shown).

Comparison of the Indices after HI Brain Injury

Among piglets with HI injury, no statistical differenc-
es in AUC were observed among the group 1 indices
(Fig. 4). Several group 1 indices had a significantly higher
AUC than several group 2 indices (Table 2). All gain met-
rics had a significantly lower AUC than each of group 1’s
indices (adjusted p < 0.05 for all comparisons; data not
shown).

Autoregulation and Neonatal Brain
Hypoxia-Ischemia

Comparison of the Indices after the Sham Procedure

Among the sham piglets, the AUC did not statistically
differ between any group 1 indices. Several group 1 indi-
ces had a higher AUC than group 2 indices (Table 3). Ev-
ery gain index had a lower AUC than each group 1 index
(adjusted p < 0.05 for all comparisons; data not shown).

Impact of Hypoxia-Ischemia or Temperature

on the Indices

The effects of HI brain injury and temperature on the
indices’ ability to distinguish CPP below or above the LLA
are shown in Table 4. Hypoxia-ischemia and temperature
did not significantly affect the ability to diagnose CPP be-
low or above the LLA in any group 1 index (p > 0.05 for all
comparisons). Among the group 2 indices, hypoxia-isch-
emia decreased the accuracy of COHyap 1 pr and COHy
Ap-abT to below that of the sham procedure (p < 0.05 for
each). COHpap 1cp performed significantly better during
hypothermia than during normothermia (p < 0.05). The
discriminatory ability of COHcpp | pr Was greater in hypo-
thermia than in rewarming (p < 0.05). CORyap.1pF per-
formed better in normothermia than in rewarming (p <
0.05). Finally, Gaincpp. pphad greater diagnostic ability af-
ter rewarming than during normothermia (p < 0.05).
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Table 2. Statistically significant pairwise comparisons of the receiver operating characteristics AUC for autoregulation and vasoreactiv-
ity indices in 35 piglets with hypoxic-ischemic brain injury

Group 1

Group 2

COH MAP-1SO;*

COH MAP-LDF

COH CPP-LDF

COH MAP-HbT?

COH MAP-ICP

COH CPP-HbT

COR MAP-HbT?

A0.16* (0.07-0.26)

A0.22* (0.09-0.34)

A0.27* (0.16-0.39)

A0.32* (0.21-0.45)

COR MAP-rSO2*

A0.20* (0.09-0.30)

A0.25* (0.15-0.35)

A0.21* (0.08-0.34)

A0.30* (0.19-0.42)

COR CPP-HbT

A0.18* (0.10-0.26)

A0.20* (0.09-0.32)

A0.23* (0.12-0.36)

A0.29% (0.29-0.40)

A0.25% (0.13-0.37)

A0.34* (0.23-0.46)

COR MAP-ICP

A0.21* (0.09-0.35)

A0.27* (0.18-0.37)

A0.23* (0.13-0.33)

0.32* (0.20-0.45)

Phase MAP-HbT?

A0.18* (0.06-0.31)

A0.23* (0.12-0.36)

A0.29* (0.17-0.42)

Phase MAP-rSO,*

A0.13* (0.05-0.22)

A0.19* (0.08-0.31)

A0.25% (0.15-0.35)

A0.30* (0.18-0.43)

Phase CPP-HbT

A0.17* (0.09-0.25)

A0.19* (0.08-0.31)

A0.22* (0.11-0.34)

A0.28* (0.18-0.38)

A0.33* (0.23-0.45)

Phase MAP-ICP

A0.20* (0.10-0.30)

A0.29% (0.18-0.42)

Data represent the difference in area under the curve (AUC), i.e., group 1 index — group 2 index (A) and 95% confidence intervals. * Adjusted p < 0.05. COH,
spectral coherence; CPP, cerebral perfusion pressure; LDF, laser Doppler flowmetry; MAP, mean arterial pressure; HbT, near-infrared spectroscopy relative total
tissue hemoglobin; COR, correlation; ICP, intracranial pressure; rSO,, near-infrared spectroscopy regional oxyhemoglobin saturation; Phase, cosine of the cross-

spectral phase.

2 The index was derived from parameters that are available during neonatal clinical care.

Table 3. Statistically significant pairwise comparisons of the re-
ceiver operating characteristics AUC for autoregulation and vaso-
reactivity indices in 31 piglets that underwent the sham procedure

Group 1 Group 2

COH MAP-ICP

COH CPP-HbT

COR MAP-HDT?
COR MAP-rSO22
COR CPP-HbT
COR MAP-ICP
Phase MAP-HbT®
Phase MAP-rSO,*
Phase CPP-HbT
Phase MAP-ICP

A0.36* (0.26-0.47)
A0.32%* (0.22-0.43)
A0.37* (0.26-0.48)
A0.32* (0.20-0.43)
A0.34* (0.23-0.45)
A0.33* (0.22-0.45)
A0.36* (0.26-0.47)
A0.30* (0.18-0.42)

A0.17* (0.08-0.28)

Data represent the difference in area under the curve (AUC),
i.e., group 1 index - group 2 index (A) and 95% confidence interval.
* Adjusted p < 0.05. COH, spectral coherence; CPP, cerebral
perfusion pressure; LDF, laser Doppler flowmetry; MAP, mean
arterial pressure; HbT, near-infrared spectroscopy relative total
tissue hemoglobin; COR, correlation; ICP, intracranial pressure;
1SO,, near-infrared spectroscopy regional oxyhemoglobin
saturation; phase, cosine of the cross-spectral phase.

2 The index was derived from parameters that are available
during neonatal clinical care.
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Discussion

We compared the diagnostic ability of frequency-do-
main (COH, phase, and gain) and time-domain (COR) au-
toregulation and vasoreactivity indices to discriminate CPP
below the LLA from CPP above the LLA in a neonatal piglet
model of HIE, hypothermia, rewarming, and controlled hy-
potension. Both COR and phase had a high accuracy for
identifying pressure passivity, whereas COH alone and gain
at the bandwidth of maximal coherence performed poorly.
Because both COR and phase quantify the phase shift be-
tween the input (MAP or CPP) and output (rSO,, LDF,
HbT, or ICP) signals involved in autoregulation, our find-
ings indicate that phase shift is the most important compo-
nent of the relationship between blood pressure and CBF or
CBYV to capture when monitoring autoregulation and vaso-
reactivity in the HI-injured, developing brain.

Coherence measures the transmission of blood pressure
waves to the CBF and CBV, and gain measures the magni-
tude of this transmission. The relatively low discriminatory
power of COH alone and gain suggest that perfusion pres-
sure waves are similarly transmitted to the CBF and CBV
regardless of whether blood pressure is above or below the
LLA. COH and gain do not take phase shift into account,
and autoregulatory vasoreactivity is multiphasic. When
blood pressureis on the autoregulatory plateau, blood pres-
sure and CBV are out of phase. When blood pressure de-
creases to below the LLA, blood pressure and CBV are pres-
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Table 4. Statistically significant, pairwise comparisons of the receiver operating characteristics AUC between 35 HI and 31 sham piglets,
and between normothermia (n = 35), sustained hypothermia (n = 20), and rewarming (n = 11)

Experimental condition Metric AAUC Lower limit 95% CI Upper limit 95% CI p value
HI vs. sham piglets COH CPP-LDF -0.16° -0.3 -0.02 0.037
COH MAP-HbT*  -0.25 -0.40 -0.10 0.005
Hypothermia vs. normothermia COH MAP-ICP 0.22° 0.06 0.38 0.019
Hypothermia vs. rewarming COH CPP-LDF 0.214 0.03 0.39 0.046
Normothermia vs. rewarming COR MAP-LDF 0.20¢ 0.0 0.42 0.049
Normothermia vs. rewarming Gain CPP-LDF -0.20* -0.35 0.0 0.009

AAUCG, difference in area under the curve; CI, confidence interval; HI, hypoxic-ischemic; COH, spectral coherence; CPP, cerebral
perfusion pressure; LDF, laser Doppler flowmetry; MAP, mean arterial pressure; HbT, near-infrared spectroscopy relative total tissue

hemoglobin; ICP, intracranial pressure; COR, correlation.

2 The index was derived from parameters that are available during neonatal clinical care.

® The index had lower diagnostic ability after hypoxia-ischemia than after the sham procedure.

¢ The index had greater diagnostic ability during sustained hypothermia than during normothermia.
4 The index had greater diagnostic ability during sustained hypothermia than after rewarming.

¢ The index had greater diagnostic ability during normothermia than after rewarming.

fThe index had greater diagnostic ability after rewarming than during normothermia.

sure-passive and in phase. We theorize that COH alone and
gain poorly distinguished pressure reactivity from pressure
passivity over the examined frequency band because COH
and gain do not assess the phase relationship.

Few neonatal studies have directly compared frequen-
cy- and time-domain methods within the same subject.
One study of 12 piglets reported that COH alone poorly
characterized autoregulation [38]. Here, in a larger piglet
cohort, we verified that COH alone is indeed a poor au-
toregulation metric, including after Hl injury. In a clinical
study of 60 premature neonates that compared NIRS fre-
quency- and time-domain methods, the authors conclud-
ed that the time domain is a more accurate and easier
method for neonatal autoregulation monitoring [39].
However, they did not evaluate phase in the frequency
bandwidth of maximum COH. Moreover, their study
along with most clinical neonatal studies did not have a
comparative and continuous CBF measure to define the
state of autoregulation. The advantage of testing mathe-
matical algorithms in a piglet model is that LDF can be
used continuously to detect CBF, accurately determine
when blood pressure is above or below the LLA, and then
generate a gold standard against which different algo-
rithms can be tested within the same animal. With these
methods, we were able to perform systematic compara-
tive analyses among autoregulation metrics and identify
phase and COR approaches as those that should move
forward to clinical validation studies.

Autoregulation and Neonatal Brain
Hypoxia-Ischemia

Phase and COR did not show a statistical difference
when calculated from the NIRS HbT or rSO,. Multiple
factors can influence rSO,, including fluctuations in the
cerebral metabolic rate that occur with any changes in
sedation or pain management, oxygen delivery, and tem-
perature. Because HbT is calculated at the 805-nm wave-
length that is isosbestic to both oxygenated and deoxy-
genated hemoglobin, it should be relatively unaffected by
changes in cerebral metabolic rate or oxygen delivery
provided that the total hemoglobin, carbon dioxide, and
sedation levels remain constant. We maintained normo-
capnea within a constant plane of anesthesia in our pig-
lets, and we did not use hemorrhage as a method to in-
duce hypotension. Accordingly, the indices derived from
rSO, performed as well as those from HbT. However,
treatment and physiologic conditions cannot be as rigor-
ously controlled in clinical practice. Whether the accu-
racy of autoregulation and vasoreactivity indices from
rSO, and HbT differ during clinical treatment of HIE de-
serves further study.

Monitoring methods should ideally be validated in pre-
clinical models and controlled physiologic experiments
before their deployment clinically. Among the indices cal-
culated from parameters available during routine neona-
tal clinical care (specifically MAP, HbT, and rSO,), the HI
injury significantly decreased the ability of COHyap_ppbr
to detect the pressure passivity relative to that of the sham
procedure. The fact that HI injury did not affect the accu-
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racy of phase and COR supports the use of these metrics
in clinical HIE studies. Moreover, temperature did not af-
fect the accuracy of indices derived from MAP and HbT
or rSO,, which supports their use in clinical studies.

We did not induce hypotension during rewarming be-
cause we assumed that the change in cerebral metabolic
rate and CBF coupling would confound our measure-
ments. CORyap.1pr had lower diagnostic accuracy after
rewarming than during normothermia, whereas Gaincpp.
Lpr performed better after rewarming than during normo-
thermia. Further testing on autoregulation monitoring
during and after rewarming is critical if these metrics are
to be considered for clinical use. The closest clinical cor-
relate to LDF is transcranial Doppler. Autoregulatory va-
soreactivity remains disrupted after the completion of re-
warming from clinical hypothermic cardiopulmonary by-
pass [40], hypothermic treatment for adult traumatic brain
injury [41], and in rats [42]. In neonatal HIE, potential ox-
idative stress [16] and inflammation [17] during rewarm-
ing could affect the magnitude and change in subsequent
vasoreactive responses as the blood pressure changes. This
could affect whether an index can detect the relative change
in vascular reactivity when blood pressure is above versus
below the LLA. Moreover, the piglet rewarming rate of
4°C/h in this study is faster than typical clinical rewarming
rates for HIE, which are usually 0.25-0.5°C/h. Studies us-
ing more clinically relevant rewarming rates are needed.

We have determined that phase and COR have the best
ability to discriminate pressure passivity versus pressure
reactivity in piglets. We could not examine neuropatho-
logic injury or behavioral outcomes in our piglets because
of the severe injury that occurs from induced hypoten-
sion. Nonetheless, phase and COR using MAP and NIRS
HbT or rSO, appear to be reliable candidate measures for
clinical autoregulation studies in HIE.

We specifically analyzed maximal COH. Though it is
possible that our COH estimates were not reliable, the
phase calculations in the frequency band of maximal
COH distinguished the blood pressure above and below
the LLA with a high accuracy. Phase between 2 signals in
a frequency band is only reliable if the COH meets the
significance criterion at that frequency band. Thus, the
excellent performance of phase suggests that our COH
estimations were accurate. Additional studies are needed
to examine relevant coherence thresholds in HIE.

Each piglet’s LLA was identified using piecewise re-
gression of a static LDF-CPP curve from the entire 2-3 h
period of induced hypotension without a time series anal-
ysis. This method provides a gold standard LLA, and the
LLAs were calculated by an investigator blinded to the au-
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toregulation indices. However, using a regression method
to identify the LLA has similarities with time-domain
COR, and this could potentially bias the index perfor-
mance. Nevertheless, metrics from both the frequency
and time domains accurately distinguished the blood
pressure above and below the LLA. The top performing
indices COR and phase in the bandwidth of maximal co-
herence showed no statistical AUC differences. Thus, our
method of calculating the LLA did not favor the time do-
main over the frequency domain. Though we did not use
alternative methods to calculate the LLA to double-check
our findings, we visually verified the LLA by inspecting
each piglet’s LDF-CPP plot (examples in Fig. 2). Clini-
cally, the goal of autoregulation monitoring is to detect the
risk of neurologic injury before injury occurs, by identify-
ing the LLA and maintaining the blood pressure above the
LLA. We will explore whether phase or COR predict brain
injury in clinical HIE in future studies.

The appropriate frequency bandwidth for detecting
autoregulation and vasoreactivity signals has been the
subject of much debate and varies widely [1, 5, 43]. Be-
cause we previously established that spontaneous fluctua-
tions in CPP typically occur on the time scale of 50-300 s
[6, 15], we focused our analyses within the frequency
range 0.003-0.02 Hz (50-333 s). A recent study with con-
stant frequency oscillations in CPP in piglets showed that
the maximal phase shift between MAP and ICP (which
reflects CBV fluctuations) occurs at 0.017 Hz (1 min)
[25]. This is within the range tested in our study.

The piglet methodology must be distinguished from
clinical practice. The piglets were under anesthesia (low-
dose isoflurane) to ensure comfort. Though higher doses
of isoflurane may uncouple CBF [44], the low dose of iso-
flurane in our experiment still revealed apparent blood
pressure ranges with an autoregulatory plateau, LLA, and
pressure passivity [9-11] (Fig. 2). Clinically, babies re-
ceive a lighter level of sedation, which may cause changes
in cerebral metabolic rate and movement. This can change
the oxyhemoglobin concentration, which would be ex-
pected to have a greater effect on rSO, than on HbT and
introduce monitoring artifacts. Clinicians do not permit
neonates to have extremely low blood pressure as we did
with the piglets. We also separated the blood pressure
ranges for above and below the LLA by 3 mm Hg to clear-
ly delineate functional from dysfunctional autoregula-
tion. Differences in clinical autoregulatory function may
be harder to detect with narrower blood pressure ranges.

We acknowledge several limitations. Only a few other
studies have directly compared different autoregulation
metrics in the piglet model. Without the necessary input
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from previous studies, such as the expected difference in
the predictive power of the autoregulation indices and
their respective measurement error, we were unable to
quantify the power in this study to detect statistical dif-
ferences. We only tested males, and data were analyzed
retrospectively from 3 separate studies. We did not mea-
sure hypertension and autoregulatory function because
newborn piglets frequently suffer cardiac failure before
the upper limit of autoregulation can be reached. Though
we calculated gain at the frequency of maximum COH,
we did not assess the statistical significance of the COH
or use a COH threshold. Determining the statistical sig-
nificance of COH prior to calculating gain may improve
accuracy. Because the COH threshold for brain injury in
HIE is not known, we used the maximal COH in this ex-
ploratory, preclinical study. We did not examine wavelet
COH analysis [5] or neurovascular coupling [45].

Conclusion

In a neonatal piglet model of HI brain injury, phase
and COR calculations between MAP and NIRS HbT or
rSO, accurately distinguished whether CPP was above or
below the LLA. HI injury did not reduce the accuracy of
these indices. In contrast, COH alone and gain were poor
indicators of autoregulation and vasoreactivity. Candi-
date indices for clinical HIE autoregulation studies in-
clude phase and COR between MAP and HbT or rSO,.
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