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Neurovascular hypoxia trajectories assessed by
photoacoustic imaging in a murine model of
cardiac arrest and resuscitation

John P. Salvas, Katherine A. Leyba, Luke E. Schepers, Nitchawat Paiyabhroma, Craig J. Goergen,
and Pierre Sicard

Abstract— Cardiac arrest is a common cause of death annually
mainly due to post cardiac arrest syndrome that leads to multiple
organ global hypoxia and dysfunction after resuscitation. The
ability to quantify vasculature changes and tissue oxygenation is
crucial to adapt patient treatment in order to minimize major
outcomes after resuscitation. For the first time, we applied high
resolution ultrasound associated with photoacoustic imaging to
track neurovascular oxygenation and cardiac function
trajectories in a murine model of cardiac arrest and resuscitation.
We report preservation of brain oxygenation is greater compared
to that in peripheral tissues during arrest. Furthermore, distinct
patterns of cerebral oxygen decay may relate to the support of vital
brain functions. Additionally, we followed trajectories of cerebral
perfusion and cardiac function longitudinally after induced cardiac
arrest and resuscitation. Volumetric cerebral oxygen saturation
decreased 24 hours post arrest, but these levels rebounded at one
week. However, systolic and diastolic cardiac dysfunction
persisted throughout and correlated with cerebral hypoxia.
Pathophysiologic biomarker trends, identified via cerebral
photoacoustic imaging in preclinical models, could provide new
insights in understanding the physiopathology of cardiac arrest and
resuscitation.

Index Terms— photoacoustic
cardiac arrest, resuscitation

imaging, echocardiography,
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|. INTRODUCTION

Cardiac arrest is a common cause of death in the developed
world and can be the result of various acute or chronic disease
[1], [2]. Arrest is usually divided into in-hospital cardiac arrest
(IHCA) and out-of-hospital cardiac arrest (OHCA) with varied
outcomes and mortality for each type [1]. Although medical
technologies have improved survivability of cardiac arrest and
subsequent resuscitation, a great deal of patients will still
experience a wide range of symptoms due to ischemic injury
[3]. Long term consequences include neurodegeneration,
fatigue, depression, cardiac hypokinesis, and overall decreased
quality of life [4].

Recently, various clinical and preclinical studies have
focused on outcomes after cardiac arrest [5]-[7]. A potentially
important marker identified is cerebral oxygen saturation [8].
In human studies, near-infrared spectroscopy (NIRS) has been
used to assess regional cerebral oxygenation [9]. Although
NIRS is a wuseful tool for non-invasively measuring
oxygenation in the superficial cerebral and cutaneous tissues,
there are limitations such as skull thickness interference and the
challenge of differentiating and precisely localizing NIRS
signal changes in the brain or scalp [10].

Photoacoustic imaging (PAI) is an emerging technology
with promising clinical translation. It is an imaging modality
that combines the contrast and specificity of optical imaging
with the high spatial resolution of ultrasound [11], [12].
Recently, it has gained more attention in the fields of
cardiology and neuroscience due to its ability to characterize
cardiac function in various disease states [13], [14] as well as
the ability to image vasculature changes and tissue composition
[11], [15]. Photoacoustic imaging is also able to image at
greater depths compared to traditional optical imaging
techniques [16]. In combination with ultrasound, photoacoustic
imaging has been shown to correct artifacts generated by the
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skull and can thus provide a better view of cortical
microvasculature in mice [17]. The most commonly used
optical wavelengths in PAI are visible and near-infrared (NIR)
light, with 550 to 900 nm wavelengths [11]. Wavelengths in the
second near-infrared window (NIR-II) ranging from 1000 to
1700 nm are currently being explored for preclinical and
clinical applications because they offer greater depths of
penetration and higher spatial resolution to better visualize
structures deep within tissue [18]. The absorption spectra of
tissue chromophores allows larger biomolecular structures to
be probed with great specificity, so long as the probing light is
tuned to the correct wavelength [19]. For example, 1100 nm
has been used to target hemoglobin and 1210 nm to target lipid
for atherosclerosis characterization in mice in situ [20].
Exogenous contrast agents have also been used to target
atherosclerotic plaque biomarkers via intravascular PAI ex
vivo, as demonstrated by Luke et al. [21].

For visualization of oxygen saturation, wavelengths of 750
nm and 850 nm can be used via a dual wavelength approach to
target oxygenated and deoxygenated hemoglobin, respectively
[22]. In murine models of myocardial infarction and mild
traumatic brain injury, the use of PAIl for monitoring
oxygenation in the heart and brain as well as peripheral organs
has been accomplished using this method [23], [24]. However,
photoacoustic imaging has not been applied to assess brain
oxygen trajectories during cardiac arrest and resuscitation. The
ability to do so could provide insight into potential functional
outcomes post-resuscitation such as hypoxic-ischemic brain
injury, ischemic stroke, or cerebral hemorrhage [25].

Here, we implement a murine model of cardiac arrest with
and without resuscitation and, for the first time, apply
photoacoustic imaging and echocardiography to assess trends
in neurovascular and cardiac function. In this study, PAI in
mice was performed for up to one week to assess oxygen
changes in the brain regionally and globally. Cardiac
ultrasound imaging was also used up to one week and is
complemented by recordings of electrocardiogram signals
throughout the cardiac arrest and resuscitation procedure.
Using this approach, we identify and quantify biomarkers such
as oxygen saturation (sO2), total hemoglobin (HbT), cardiac
global longitudinal strain and ejection fraction, among others to
determine correlation between neurological and cardiovascular
parameters that may be useful in predicting functional
outcomes from an imaging perspective.

Il. METHODS

A. Animal Model

Experiments were performed following European Directive
(2010/63/EU) and French laws governing laboratory animal use
[26]. The investigation was approved by the local ethics committee
(APAFIS #2019111811257350_v2). Swiss breeder mice were
obtained through Janvier Labs (Le Genest-Saint-Isle, France). We
maintained the animal habitat at a consistent 21°C + 1°C with
humidity of 55% + 1%. Mice were assigned to cardiac arrest
without resuscitation (n=5) or with resuscitation (n=10).

B. Cardiac Arrest without Resuscitation

Animals were anesthetized using 2.5-3% isoflurane at 2.0
L/min and placed in prone position on an imaging stand

(FUJIFILM VisualSonics INC., Toronto, ON, Canada) with a
heating pad. Body temperature was maintained at 37°C
throughout the procedure. Electrocardiogram (ECG)
subcutaneous needles were inserted into all extremities to
monitor cardiac rhythm (eBox, FUJIFILM VisualSonics). We
applied depilatory cream to the cranium to remove all hair. The
head was immobilized, and centrifuged ultrasound gel was
applied to the skull. We warmed the tail for 1 minute then
inserted a 27-gauge tail vein cannula. The cannula was secured
with tape. 2D photoacoustic images were acquired at frequency
4 Hz for the entire procedure. After obtaining baseline readings
for 30 seconds, we injected 90 pL of 0.1 g/mL KCl into the tail
vein followed by 10 pL of saline to flush the line. KCI was used
as an arresting agent as a rapid increase in extracellular KCI
disrupts cardiac myocyte resting membrane potential and
inactivates fast sodium channels responsible for conduction of
action potentials in the heart [27], [28]. The heartbeat stopped
within 30 seconds on average, and we continued obtaining
photoacoustic images for five minutes after the onset of
asystole.

C. Cardiac Arrest with Resuscitation

In the cardiac arrest with resuscitation cohort, we obtained
baseline three-dimensional (3D) cerebral photoacoustic images
in addition to cardiac function assessed with 2D ultrasound,
described below. The mice were then anesthetized as described
and the body temperature was maintained at 37°C with a
heating pad (Temperature control Unit HB101/2, Panlab,
USA). In a supine position, a small incision was made on the
neck to visualize the trachea. We intubated the animal and
placed it on a ventilator (MiniVent Type 845, Hugo Sachs
Elektronik, Germany) on room air and isoflurane with a
respiratory rate of 140 breaths/min and a tidal volume of 225
pL. The tail vein was cannulated with a 27-gauge needle and
line (Fig 1A). Electrode needles were inserted into two
appendages to monitor ECG tracings throughout the procedure
(Fig. 1B) (PowerLab 26T, AdInstruments, UK). Once the
animal was stable, 50 to 60 uL of 0.1 g/mL KCIl was injected
into the tail vein followed by 10 pL saline to flush the line. We
switched off the ventilation and waited for 6.5 minutes, at
which point we resumed ventilation and started chest
compressions at roughly 300 beats/min. We began a 1 mL
infusion of 30 pg/mL Adrenaline at a rate of 1 mL/min using
an automatic syringe pump (Harvard Apparatus PHD 2000,
Holliston, MA, USA). We stopped compressions once the
heartbeat resumed or after 4 minutes. Three animals did not
survive the procedure; thus, they were excluded from analysis.
One mouse died 4-5 hours after resuscitation, and another died
after 2 days lowering the sample sizes for follow-up imaging
timepoints (Fig 1C).

D. Photoacoustic Imaging

PAI was performed with a Vevo 3100 high-frequency
ultrasound system with a LAZR-X (Nd:YAG 680-2000 nm)
add-on via a 21 MHz linear array transducer (MX250D;
FUJIFILM VisualSonics). We anesthetized animals as
previously described and placed them prone on an imaging
stand. Depilatory cream was applied to the cranium to remove
all hair. We immobilized the head and applied centrifuged
ultrasound gel to avoid imaging artifacts from bubbles. 2D PAI
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data was obtained at one coronal midbrain cross-section in the
cardiac arrest without resuscitation cohort. Data was analyzed
for decay parameters in the skin, the whole brain, and six
specific regions of the brain: inferior, left inferior, right inferior,
left superior, right superior, and superior.

In the cardiac arrest with resuscitation cohort, we recorded
volumetric PAI data by horizontal stack scanning from the
olfactory to occipital lobes of the brain using a linear stepper
motor with approximately 90 slices per dataset. The imaging
wavelengths were set to 750 and 850 nm, which correspond to
oxygenated and deoxygenated hemoglobin, respectively [29],
[30]. Acquisition parameters were set to an image depth of 20
mm, image width of 18 mm, a PA gain of 34 dB, a 2D gain of
23 dB, a hemoglobin threshold of 20, and a frame rate of 43
fps. Photoacoustic imaging was conducted at baseline, one
hour, one day, and one week post arrest and resuscitation (Fig
1C). We analyzed images offline using Vevo LAB (v5.5.1,
FUJIFILM VisualSonics) to obtain oxygen saturation (sO2) and
total hemoglobin (HbT) concentration measurements in the
whole brain volume at each timepoint.

E. Cardiac Ultrasound Imaging

We used a Vevo 3100 high-frequency ultrasound system
(FUJIFILM VisualSonics) with a 40 MHz centerline frequency

MX550D linear array probe to assess cardiac function. Mice
were anesthetized as previously described and placed on an
imaging stage in a supine position. We removed the ventral
thorax hair with depilatory cream and applied ultrasound gel.
We monitored respiratory rate and ECG tracings throughout the
imaging process via the embedded electrodes within the stage.

Murine echocardiography was performed following
American Physiological Society guidelines [31]. In a
parasternal long-axis view, we quantified systolic function by
obtaining measurements of left ventricular volumes, ejection
fraction (EF), and both global and regional longitudinal strain.
Diastolic function was assessed in a four-chamber view with
measurements of mitral valve (MV) flow. Imaging was
performed at baseline and three and seven days post cardiac
arrest and resuscitation (Fig 1C). Vevo LAB Software v5.7.1
(FUJIFILM VisualSonics) was used for quantitative offline
image analysis.
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Figure 1. Experimental setup and study timeline (A) Cardiac arrest with resuscitation experimental setup. A small incision was made in the neck for intubation
and the tail vein was cannulated for adrenaline injection during resuscitation. (B) The electrocardiogram (ECG) was recorded throughout the procedure from
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baseline to the return of spontaneous circulation (ROSC) and onwards. (C) Photoacoustic and echocardiography imaging timeline in the cardiac arrest and

resuscitation cohort. Image created with BioRender.com

F. Statistical Analysis

We used Prism 9.3 (GraphPad Software, San Diego, CA,
USA) for all statistical analyses. The plateau followed by one-
phase decay function was used to analyze oxygen saturation
decay over time in the cardiac arrest without resuscitation
cohort. The start time of decay was constrained in brain and
skin and the regional cerebral analyses to ensure all decay
functions began at the same time. A least squares regression
with 1000 iterations for convergence was used to maximize the
goodness of fit. Decay parameters of interest for each animal
were baseline sO, final or plateau sO, and the time constant
(tau), a measure of exponential decay rate. Tau is defined as the
time required to reach approximately 36.8% of the final steady
state value from the onset of decay. It is found by calculating
62.8% of the difference between the baseline and final values
which is then subtracted from baseline. All data including
decay parameters, cardiac ultrasound, and cerebral PAI were
compared using a one-way ANOVA with Tukey post hoc
multiple comparison’s test to investigate differences between
cohorts.

Prior to Pearson Correlation, a Shapiro-Wilk test verified
normality of all data. Cerebral sO, one day post arrest

50

40

30

20+

10+

Baseline Mean sO; (%)
Plateau Mean sO, (%)

Skin

Brain

Brain

measurements were correlated with cardiac function
parameters three days post arrest. The correlation coefficient (r)
and corresponding p-value are displayed. The threshold for
statistical significance was set at p < 0.05, with levels of
significance depicted as p < 0.05%, p < 0.01**, and p <
0.001***, Data are presented as mean =* standard deviation.

Ill. RESULTS

A. Structure and region-specific oxygen saturation decay
profiles

We used PAI to evaluate and track structural and regional
neurovascular oxygenation over time before, during, and after
the onset of cardiac arrest (Fig 2A-C). At baseline, mean sO;
was greater in brain compared to superficial cutaneous tissue
and skin (brain 72.89 + 4.36, skin 56.94 + 8.69%, p = 0.006,
Fig. 2D). After cardiac arrest, the oxygen saturation entered a
plateau in which the brain tissue remained at a higher saturation
level compared to the skin (Fig. 2E). The decay profile of brain
tissue oxygenation, quantified by tau (1), was slower than skin,
although this difference did not reach significance (p = 0.121;
Fig. 2F).
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Figure 2. Photoacoustic imaging of the brain and skin. The structure of the cranium is seen in the (A) ultrasound on the upper left while the (B) photoacoustic
measurements are seen on the right. The defined regions represent the areas used to assess skin (yellow) and brain (red) oxygenation. Color scaling shows regions
of high sO; in red and regions of low sO; in blue/black. (C) Representative brain vs. skin oxygen saturation decay curve. (D) Baseline oxygenation, (E) plateau
oxygenation, and (F) decay constant, tau, of the brain and skin. Sample size n=5. Results expressed as mean + SD.

PAI also allows for specific regional analyses. We
investigated whether cardiac arrest elicits region-specific
cerebrovascular sO, changes. The brain was divided into six
regions (Fig. 3A-C). The inferior region encompasses the
hypothalamic region of the brain while the superior regions
capture cortical structures. At baseline, sO; levels did not differ
between regions (Fig. 3D); however, the plateau phase sO- after
arrest highlighted regional differences. The inferior regions
plateau sO, was significantly higher than all superior regions.

Moreover, the inferior region’s tau value was statistically
greater than all other regions (Fig. 3E-F).

Next, we recorded cerebral oxygen saturation and
hemoglobin levels in the acute and long-term using a novel
cardiac arrest and subsequent resuscitation model. Volumetric
PAI was employed to capture an average sO; that better
represents the entire brain rather than one cross-section.
Qualitative assessment of photoacoustic volumes shows the
progression of a negative trend in saturation from baseline to
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one hour, one day, and one week (Figure 4A-D; supplemental
Figure 1). Interestingly, sO. maps at one hour depict similar
levels to baseline; however, a region of desaturation is present
in some animals at one day and persists to one week while

1004 100+

surrounding tissue returns to baseline oxygenation. These
qualitative observations are quantified with no change between
baseline and one-hour post resuscitation sO; (61.20 + 4.99 vs.
55.32 + 5.36; p = 0.295).
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measurements are seen on the right. The six defined regions represent the areas used for sO, quantification. Color scaling shows regions of high sO; in red and
regions of low sO; in blue/black. (C) Representative regional oxygen saturation decay curve. (D) Baseline, (E) plateau, and (F) decay constant, tau, of the six

regions. Sample size n=5. Results expressed as mean + SD.
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of low sO; in blue/black. (E) Volumetric mean sO, and (F) mean HbT over time. Results expressed as mean + SD.
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At day one there was a significant drop in cerebral sO;
(45.89 £ 8.03, Fig. 4E) compared to baseline. Cerebral oxygen
saturation returned to baseline levels one week post
resuscitation. Cerebral HbT levels did not differ from baseline
at one hour but show a significant increase from one hour to
one day (2.11 + 0.39 vs. 4.15 + 2.11 x10% p = 0.039; Fig. 4E).
Similar to oxygen saturation, HbT returned to levels
comparable to baseline at one week.

B. Cardiac Function

To assess systolic and diastolic cardiac trajectories with
arrest/resuscitation, we employed 2DUS at various timepoints
(Fig. 1C). Global cardiac systolic function evaluated by
ejection fraction decreased by nearly 10% from baseline to 3
days post arrest/resuscitation (63.17 + 1.76 vs. 54.03 £ 4.59, p
=0.017). While cerebral sO; levels returned to baseline at one-
week, the ejection fraction remained decreased at one-week
compared to baseline (p = 0.012, Fig. 5A). Global longitudinal
strain showed a similar decrease from baseline at days 3 and
one week, although no significant differences were seen (Fig.
5B).
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Figure 5. Systolic cardiac function pre and post cardiac arrest. (A) Ejection
fraction, (B) global longitudinal strain, (C) anterior and (D) posterior basal
longitudinal strains pre and post cardiac arrest. Results expressed as mean +
SD.

Regional longitudinal strain analyses highlight specific
motion abnormalities that may not be detectable by global
metrics. The anterior basal regional strain significantly
decreased from -15.65 = 1.42 at baseline to -9.14 + 1.58 at one-
week (Fig. 5C). Posterior basal strain showed a similar trend to

anterior basal strain with a significant drop from baseline to
one-week (-14.79 £ 2.03 vs. -9.42 + 3.25, p = 0.040, Fig 5D).

Cardiac diastolic function was evaluated with 2D ultrasound
and flow through the mitral valve via Doppler ultrasound at the
same timepoints (Fig. 6A). Quantitative metrics of interest
were isovolumic relaxation time (IVRT), which measures the
time from aortic valve closure to mitral valve opening [32], E/A
ratio, which measures the ratio of peak blood flow in early to
late diastole [33], and left atrial (LA) area. At 3 days, IVRT was
increased compared to baseline (13.74 + 1.20 vs 17.40 + 2.19,
p = 0.013, Fig. 6B) which persisted to one week post
arrest/resuscitation. The E/A ratio was within normal limits
around 1.25 at baseline [34]. At 3 days, E/A ratio dropped
below the normal range (0.96 £ 0.05, p = 0.018) and remained
below the normal limits at one-week, although this was not
significant compared to baseline (1.03 + 0.07, Fig.
6C). Furthermore, LA area was increased three days after arrest
(p <0.001) and continued to increase to one week (Fig. 6D).

C. Cerebrovascular hypoxia correlates with cardiac systolic
and diastolic dysfunction

Pearson correlation coefficients of non-invasive imaging
biomarkers demonstrate an association between cerebral
hypoxia and cardiac dysfunction post cardiac arrest. Cardiac
systolic function assessed by EF three days post-arrest
positively correlated with one-day cerebral sO, (r =0.993, p =
0.007). Furthermore, volumetric cerebral sO; also positively
correlated with the E/A ratio, a marker of diastolic function (r
=0.978, p = 0.022; Fig. 7A-B) [35].

IV. DISCUSSION

We demonstrate significant functional abnormalities in the
brain and heart with mouse-specific correlations between
cerebral hypoxia and cardiac dysfunction. Our data resonate
with other studies implicating that cerebral oxygenation and
cardiac dysfunction are important markers for assessing
patients with cardiac arrest and subsequent resuscitation. Real-
time monitoring of neurovasculature via photoacoustic imaging
or other technologies has the potential to impact patient care.

A. Cardiac arrest elicits region-specific neurovascular
oxygen saturation depletion

Vital organ perfusion is thought to be preserved in times of
low oxygen availability [36]. The brain requires around 20% of
the normal cardiac output and has the capacity to autoregulate
blood flow to preserve tissue perfusion [37]. Mechanisms of
autoregulation including smooth muscle regulation of vascular
resistance have been investigated [38]; however, real-time
global monitoring of this process in a model such as cardiac
arrest has not been shown. We use PAI to monitor global and
regional cerebral sO; decay profiles during cardiac arrest.

Our results confirm that vital organ blood flow is conserved
with a slower decay profile in the brain as compared to
subcutaneous tissue and skin (Fig. 2). More specifically in the
brain, the inferior hypothalamic region displayed a slower
saturation decay profile compared to cortical suggesting blood
flow may be conserved in this region (Fig. 3). The
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hypothalamus coordinates the endocrine system which includes
vital regulation of blood pressure, heart rate, and body
temperature [39]. Cortical regions, corresponding to the
superior sections in Fig. 3, are more susceptible to ischemic
damage [40], suggesting the mechanism of blood flow
regulation may be associated with the profound neurologic
effects of cardiac arrest including chronic fatigue, anxiety,
depression, and decreased quality of life [41], [42]. Overall,
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T = 49.50 ms |
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brain blood flow is preserved with low oxygen availability. We
further show cerebral oxygenation is not distributed evenly and
may be more preserved in regions responsible for homeostasis
regulation (Fig. 3). Overall, neurovascular oxygen saturation
decay during cardiac arrest displays regional-specific
trajectories that may relate to vital functions.
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Figure 6. Diastolic cardiac function pre and post cardiac arrest. (A) Representative mitral valve flow tracing with measurements. MV E measures early mitral
valve flow while MV A measures active phase flow. IVCT, IVRT and ET represent isovolumic contraction time, isovolumic relaxation time, and ejection time,
respectively. (B) Isovolumetric relaxation time, (C) E/A ratio, and (D) LA area pre and post cardiac arrest. Results expressed as mean + SD.

B. Longitudinal cerebral perfusion following cardiac arrest

We also evaluated global cerebral sO, at baseline and
followed animals up to one week post cardiac arrest and
resuscitation. Cerebral sO- is an important clinical marker used
in cardiac arrest patients to assess the severity of ischemic
injury and potential outcomes [43]. Frontal lobe regional
cerebral sO, measured immediately after arrest, assessed by
near-infrared spectroscopy, has been shown to associate with
long term neurologic outcomes [8], [44], suggesting that sO;
measurements may offer insight into patient trajectories.

We captured a 3D volume of the brain to obtain an average
volumetric sO, for whole brain perfusion quantification over
time. Interestingly, we show that volumetric average sO- levels
remained similar to baseline one hour post arrest and
resuscitation but significantly dropped at twenty-four hours
prior to returning to baseline at one week (Fig. 4). This finding
highlights the progression of cerebral oxygenation illustrating
functional differences may also persist after the initial injury.
Mechanisms affecting the brain after ischemic episodes include
ischemia-reperfusion injury, cerebral edema, and neuronal cell

death [45]-[48]. However, further work is needed to
understand whether these mechanisms affect the observed
global oxygen desaturation. Nonetheless, monitoring cerebral
sO, immediately after arrest and longitudinally may offer
further diagnostic and predictive value to patient care. Thus,
these complex temporal patterns suggest cerebral perfusion
levels fluctuate after cardiac arrest with a delayed onset, a
finding that warrants further investigation of the brain and other
organs.

C. Cardiac dysfunction progresses over time independent of
neurovascular oxygenation

Manifestations of cardiac arrest effects are not isolated to the
brain as cardiac systolic dysfunction and decreased cardiac
output are seen acutely after arrest [49], [50]. We assessed
cardiac function over time using high frequency 2DUS. We
report significantly decreased ejection fraction three days and
up to a week post arrest as well as abnormalities in regional
cardiac strain. Additionally, cardiac diastolic function, assessed
by IVRT, E/A ratio, and LA area, was decreased in conjunction
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with systolic function over the same period (Fig. 6). Our work
aligns with preclinical work by Rutledge et al. who show
decreased ejection fraction one week post arrest and eventual
recovery at four weeks [51]. Interestingly, cardiac dysfunction
persists up to one week while cerebral oxygenation returns to
baseline [51]. Thus, further work is needed to investigate the
progression of long-term diastolic dysfunction after cardiac
arrest and the mechanistic interplay between sustained cardiac
dysfunction and neurovascular oxygenation.

D. Cerebral hypoxia associates with decreased cardiac
function

Lastly, we correlated cerebral sO; with cardiac systolic and
diastolic dysfunction parameters. Cerebral hypoxia one day
post arrest correlated with ejection fraction and E/A ratio three
days post arrest (Fig. 7). Work by David et al. in a myocardial
infarction model highlight correlations between cardiac
dysfunction and hypoxia in the brain, kidney, and liver [23].
Our results may further show this delicate interplay between
cardiac dysfunction and peripheral organs; however, the
limited sample size could affect the strength of correlation. A
larger sample size in subsequent studies could confirm this
tendency. Investigations into therapeutic targets on this axis
have potential to improve cardiac and neurologic outcomes for
patients after cardiac arrest.
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Figure 7. Relationship between cerebrovascular sO, and cardiac function.
Pearson correlation between volumetric sO, 1 day post cardiac arrest and (A)
ejection fraction and (B) E/A ratio 3-days post cardiac arrest.

E. Limitations

The high spatial resolution, tissue quantification, and
imaging depth permitted with PAI hold great promise for
applications to cerebral imaging in humans [52]. The thickness
of the human skull, around 8 mm, leads to strong signal
attenuation and limits imaging directly to the cranial vault [52].
However, acoustic imaging windows through thinner regions
of the skull (the temporal bone at 1 mm thick) or anatomical
windows, including the nasal cavity and ocular region, have

promise in cerebrovascular evaluation in neurological surgery
applications [53]. Continued development of these techniques
and photoacoustic technologies could lead to further
improvements in clinical applicability. Additionally, this study
does not present histological analysis of tissue for evaluation of
ischemic injury or molecular changes. Our functional
assessments of both the brain and heart using PAI and
echocardiography highlight trajectories after cardiac arrest that
improve physiologic understanding and may have applicability
to patient outcome evaluation. Histological and molecular
changes will be investigated as a progression of our research.

V. CONCLUSION

In summary, PAIl technology could be used to non-
invasively evaluate global and regional cerebral sO, during
cardiac arrest and resuscitation. We show that vital organ
oxygenation is prioritized over peripheral tissues. More
specifically, patterns of sO2 vary by region, benefiting portions
associated with vital function where higher sO»-levels were
conserved. Furthermore, cerebral oxygen saturation rebounds
in the hours after resuscitation, but may decline at 24 hours.
Lastly, cardiac dysfunction persists to one week and
dysfunction may associate with the cerebral sO, drop at one
day. These findings suggest that continuous monitoring of
functional abnormalities after cardiac arrest and their
trajectories may have a clinical benefit.

APPENDIX
All data can be made available upon request.
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