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INTRODUCTION

Perioperative incidents such as hypoxic cardiac injury, present significant diagnostic
challenges due to their often subtle or nonspecific clinical presentation [1]. However,
reductions in myocardial oxygenation and perfusion precedes biochemical changes, as well
as changes in ECG and wall motion abnormalities [2,3]. Photoacoustic imaging (PAl) is a
modality that uses laser irradiation of a tissue to generate ultrasonic waves, which can then
be detected by ultrasound. PAl enables spatially resolved quantitative mapping of various
molecules, such as oxygenated and deoxygenated hemoglobin (based on their differential
absorption spectra of 850 and 750 nm respectively) [4]. The objective of this study was to
evaluate the application of PAl in monitoring oxygenation of the myocardium and great
vessels and benchmark its performance against conventional ECG and echocardiography as
a potential early warning sign for myocardial hypoxemia. We then sought to test the
myocardial response to select vasoactive and inotropic agents.

METHODS

Male CD-1 Elite mice were positioned supine and anesthetized with isoflurane (4%
induction, 2% maintenance) carried in 1 L/min medical-grade gas (composition described
below), as previously described [5]. Four imaging protocols were conducted in three
separate cohorts of mice. Photoacoustic and simultaneous B-mode ultrasound images of
the myocardium and right ventricular outflow tract (RVOT), as well as the pulmonary artery
and aorta were acquired at steady states with a fractional inspired oxygen fraction (FiO,) of
21% (medical grade air) and then 100% (medical grade oxygen). In the same cohort of mice,
the FiO, was then reduced to 10% for 60 seconds by introducing medical grade nitrogen



using a gas mixer, and then restored to 100%. A second cohort of mice were anesthetized
and instrumented with a 26G IV. Photoacoustic and simultaneous B-mode ultrasound
images of the myocardium and right ventricular outflow tract (RVOT) were again recorded.
Mice received IV phenylephrine and isoproterenol at a 2:1 ratio doubling every 8 minutes.
Finally, in a third cohort of mice the individual effects of various inotropes and vassopressors
were assessed. Each mouse was given increasing doses of phenylephrine, isoproterenol, or
norepinephrine. Each protocol was stopped when myocardial oxygen saturation decreased
by ~50%.

RESULTS

PAl reliably distinguished changes in oxygenation in the myocardium, RVOT chamber, aorta,
and pulmonary artery when the FiO, was changed from 100% to 21% (P<0.0001) and from
21% to 10% (P<0.0001). With escalating doses of phenylephrine and isoproterenol a
progressive myocardial desaturation as well as decreasing RVOT oxygenation occurred (-
50%, P<0.001). Importantly, we found when the myocardium is stressed its oxygen
saturation drops below that of the RVOT oxygen saturation indicating the unique sensitivity of
the heart (P<0.01). Cardiac contractility, measured from B-mode ultrasound, did not
significantly reduce until myocardial oxygenation decreased by 17% (P<0.05). Further, PAI
detected a 10% reduction in myocardial oxygenation prior to the onset of ECG abnormalities
(P<0.05). Finally, we tested the response to individual agents. Isoproterenol (P<0.01) and
phenylephrine (P<0.001) alone each caused a more rapid desaturation than when the agents
were given together. Mice demonstrated a greater tolerance to norepinephrine than
phenylephrine or a combination of isoproterenol and phenylephrine.

DISCUSSION

While PAl is presently studied in humans for other purposes, the ability to measure
oxygenation within the aorta and pulmonary artery has the potential to offer a more central
measure of oxygenation than conventional pulse oximetry, as well as serve as a non-invasive
measure of oxygen extraction. This work also demonstrates the potential for PAl to be
integrated into the existing monitoring armamentarium, as it may offer an earlier warning of
cardiac dysfunction and injury compared to existing monitoring devices. Finally, this work
compared various pharmacological agents and showed how at large doses norepinephrine
may be preferred over phenylephrine.
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INTRODUCTION

A growing body of evidence indicates that improper titration of general anesthesia—whether
too light or too deep—can be harmful, leading either to rare cases of intraoperative
awareness’ or to increased morbidity and delayed neurocognitive recovery.’ Although
awareness occurs in only 0.1-0.2% of cases,’ it carries a serious risk of long-term
psychological distress, including post-traumatic stress disorder.® There is therefore a strong
need for reliable, objective measures of anesthesia depth, such as those based on
electroencephalography (EEG).

Recent work shows that information-theoretic measures—particularly synergy, reflecting
interactions among brain regions, and redundancy, reflecting shared information—track
changes in consciousness during anesthesia using fMRI.* We previously extended this
framework to high-density (128-channel) EEG, demonstrating sensitivity to anesthesia-
induced changes in information processing (unpublished). Here, we test whether these
metrics remain effective when applied to sparse clinical EEG configurations (n=24and n=2
electrodes).

METHODS

We recorded high-density EEG from eight surgical patients in the operating room. All
participants received propofol anesthesia, initiated at a target effect-site concentration of
2.0 yg/mL and titrated in 0.2 pg/mL steps to maintain a Bispectral Index (BIS) between 45
and 55. EEG data were down-sampled to 250 Hz, band-pass filtered (0.1-50 Hz), and



cleaned by removing noisy channels and contaminated time segments based on visual
inspection.

Preprocessed EEG data were analyzed using the Integrated Information Decomposition (¢ID)
framework, which decomposes the mutual information between collections of electrodes
and a target variable—defined here as the temporal evolution from past to future signal
states—into unique, redundant, and synergistic components.® Signals from selected
electrodes were averaged to form two virtual sensors representing the information sources.
We examined two spatial partitions of the scalp (left-right and frontal-posterior), each
implemented at two montage densities. In the 24-electrode configuration, 12 electrodes
were assigned to each region, selected across all patients after excluding noisy channels,
while preserving spatial coverage and symmetry as much as possible. In the 2-electrode
configuration, a single electrode was assigned to each region, forming a BIS-like montage
that allowed us to test the robustness of the metrics under clinically realistic EEG setups.

RESULTS

In the 24-electrode configuration, interhemispheric decomposition revealed significant
effects for redundant (t =5.25, p = 0.0012) and synergistic components (t = 2.66, p = 0.033),
but not for the unique component (t=0.79, p = 0.46) (Figure 1A). In the front-back
decomposition, anesthesia increased redundant information (t =4.31, p = 0.0035), while
neither unique (t =0.40, p = 0.70) nor synergistic (t = 2.21, p = 0.063) components were
significant (Figure 1B).

In the two-electrode configuration, unique information was significant for left-right
decomposition (t = 4.68, p = 0.0023), whereas redundancy (t = 1.56, p = 0.16) and synergy (t =
0.55, p =0.60) were not (Figure 1C). Using anterior and posterior electrodes as sources, all
components were significant: unique (t =2.55, p = 0.038), redundant (t = 3.26, p = 0.014),
and synergistic (t=2.65, p =0.033) (Figure 1D).

DISCUSSION

In contrast to our previous results with the full electrode set—where interhemispheric
redundancy and front-back unique information increased under general anesthesia—these
findings highlight region-specific effects and the importance of electrode selection.
Nevertheless, the recovery of meaningful patterns from sparse electrode configurations
underscores the strong clinical potential of these measures. Future work should apply these
methods directly to BIS data and refine synergy estimation by accounting for inter-electrode
correlations that may inflate redundancy and underestimate synergy. Alternative
computational approaches and source-space analyses will be essential to further clarify
these effects and advance the development of reliable anesthesia depth monitoring tools.
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Figure 1. Information decomposition across left-right and front-back axes using electrode subsets (n=24 and n=2)

Unique, redundant, and synergistic information for baseline versus propofol anesthesia. Black horizontal bars show medians, blue vertical bars show 95% confidence
intervals (Cl), and colored dots/lines represent individual subjects across states.
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