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SPREADING DEPOLARIZATIONS

Cortical Anoxic Spreading Depolarization 
During Cardiac Arrest is Associated with Remote 
Effects on Peripheral Blood Pressure 
and Postresuscitation Neurological Outcome
Sangwoo Han1,2, Mayra Isabel Contreras1, Afsheen Bazrafkan1, Masih Rafi1, Shirin M. Dara1, Ani Orujyan1, 
Anais Panossian1, Christian Crouzet3,4, Beth Lopour3, Bernard Choi3,4,5, Robert H. Wilson4,5,6 
and Yama Akbari1,2,4* 

2022 This is a U.S. government work and not under copyright protection in the U.S.; foreign copyright protection may apply

Abstract 

Background:  Spreading depolarizations (SDs) are self-propagating waves of neuronal and glial depolarizations often 
seen in neurological conditions in both humans and animal models. Because SD is thought to worsen neurological 
injury, the role of SD in a variety of cerebral insults has garnered significant investigation. Anoxic SD is a type of SD 
that occurs because of anoxia or asphyxia. Although asphyxia leading to a severe drop in blood pressure may affect 
cerebral hemodynamics and is widely known to cause anoxic SD, the effect of anoxic SD on peripheral blood pressure 
in the extremities has not been investigated. This relationship is especially important to understand for conditions 
such as circulatory shock and cardiac arrest that directly affect both peripheral and cerebral perfusion in addition to 
producing anoxic SD in the brain.

Methods:  In this study, we used a rat model of asphyxial cardiac arrest to investigate the role of anoxic SD on 
cerebral hemodynamics and metabolism, peripheral blood pressure, and the relationship between these variables 
in 8- to 12-week-old male rats. We incorporated a multimodal monitoring platform measuring cortical direct current 
simultaneously with optical imaging.

Results:  We found that during anoxic SD, there is decoupling of peripheral blood pressure from cerebral blood flow 
and metabolism. We also observed that anoxic SD may modify cerebrovascular resistance. Furthermore, shorter time 
difference between anoxic SDs measured at different locations in the same rat was associated with better neurologi-
cal outcome on the basis of the recovery of electrocorticography activity (bursting) immediately post resuscitation 
and the neurological deficit scale score 24 h post resuscitation.

Conclusions:  To our knowledge, this is the first study to quantify the relationship between peripheral blood pres-
sure, cerebral hemodynamics and metabolism, and neurological outcome in anoxic SD. These results indicate that the 
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Introduction
Cortical spreading depolarizations (SDs) are self-
propagating waves of transient or persistent [1] loss of 
neuronal transmembrane ion gradients leading to neu-
ronal and glial depolarizations [2]. SD is an extremely 
energy-demanding process and has been shown to dou-
ble the cerebral metabolic rate of oxygen consumption 
(CMRO2) [2] and cause neurovascular decoupling [2–
4]. SDs can occur during ischemia and in human path-
ological conditions, such as stroke [5] and traumatic 
brain injury [6, 7]. SDs in these conditions are believed 
to exacerbate injury by diverting blood flow and wors-
ening ischemia [8]. Except at the ischemic core, the SDs 
produced in these conditions are transient, meaning 
repolarization occurs spontaneously [1]. In contrast, 
anoxic SD, a type of SD caused by anoxia or asphyxia, 
is persistent until return of blood flow or oxygen, after 
which repolarization may occur [1]. Anoxic SD is also 
seen in global ischemia produced by cardiac arrest and 
has been recently found by our laboratory to be related 
to outcome [9]. Specifically, in that study, an earlier 
anoxic SD during cardiac arrest was correlated with 
better outcome post resuscitation [9, 10]. Therefore, 
anoxic SD may be of widespread clinical importance 
and interest.

Although the effects of anoxic SD on cerebral hemo-
dynamics have long been of interest, its effects on 
peripheral hemodynamics during brain injury are 
poorly understood. The potential effects of anoxic SD 
on both peripheral and cerebral hemodynamics has 
garnered more interest because recent studies have 
shown that the vagus nerve, which controls cardiac 
activity, can also modulate SD [11–14]. This brain–
heart coupling via the vagus nerve raises the possibility 
that anoxic SD may be able to affect the heart through 
the vagus nerve. Currently, it is difficult in critical care 
settings to continuously monitor cerebral blood flow 
(CBF) and brain metabolism in parallel with periph-
eral perfusion, especially with the high temporal reso-
lution required to quantify the dynamics of anoxic SD 
[9, 15]. Furthermore, it is difficult to predict the tim-
ing of anoxic injury and begin invasive monitoring 
procedures in advance. Therefore, investigations using 
animal models are necessary. With our custom-built 
multimodal monitoring devices in our rodent model of 

cardiac arrest and resuscitation, we were able to con-
tinuously monitor direct current (DC) electrocorticog-
raphy, CBF, brain oxygenation, CMRO2, and peripheral 
blood pressure all simultaneously during anoxic SD.

Most studies investigate SD’s effect on CBF [2, 3, 16, 
17] or CMRO2 [2, 4], but almost no studies have com-
pared the changes in CBF and peripheral blood pressure 
and their coupling during anoxic SD. To our knowl-
edge, only one study has been conducted on the effects 
of anoxic SD during cardiac arrest on peripheral hemo-
dynamics and its coupling with cerebral hemodynamics 
[18]. The authors showed no changes in peripheral or 
cerebral hemodynamics during anoxic SD, but the time 
resolution they used for analysis was too low to capture 
rapid changes because they only used averaged signals 
at seven selected time points over 3 min [18]. The most 
extensive investigations into SD in rodent models have 
been in nonpathological states [4, 17, 19–21], followed by 
conditions known to produce SD, such as stroke, hemor-
rhage, and traumatic brain injury [7, 8, 18, 22, 23], rather 
than anoxic SD. Global ischemia, often caused by cardiac 
arrest, has been shown to produce anoxic SD, but few 
studies have investigated SD in this setting or character-
ized its effects on cerebral and peripheral hemodynamics 
[9, 15, 18]. Thus, the effects of anoxic SD on peripheral 
hemodynamics are not well understood. Interestingly, in 
a prior study, we found that another measure of cortical 
activity during near-electrocerebral silence of impend-
ing cardiac arrest, namely phase coherence as measured 
by electrocorticography, coincided with a transient rise 
in peripheral blood pressure, suggesting neurovascular 
coupling during cardiac arrest [24]. However, it is unclear 
if anoxic SD, which occurs well after such phase coher-
ence in our cardiac arrest model, shares such changes 
in peripheral hemodynamics. It is important to investi-
gate what hemodynamic effects anoxic SD produces in 
a state of global ischemia and the ramifications of these 
effects so that we can better understand what is happen-
ing clinically in human patients with similar conditions. 
In this pilot study, we aimed to investigate the effects of 
anoxic SD on peripheral and cerebral hemodynamics 
and outcome. In particular, in our cardiac arrest model 
of global ischemia, we found that blood flow to the brain 
shuts down, leading to anoxic SD throughout the brain. 
We observed that anoxic SD onset occurred at different 

characteristics of SD may not be limited to cerebral hemodynamics and metabolism but rather may also encompass 
changes in peripheral blood flow, possibly through a brain–heart connection, providing new insights into the role of 
anoxic SD in global ischemia and recovery.

Keywords:  Cortical spreading depolarization, Anoxic spreading depolarization, Spreading ischemia, Neurovascular 
coupling, Cardiac arrest, Peripheral hemodynamics, Cerebral hemodynamics
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times at different electrodes. On the basis of this observa-
tion as well as previous literature [25], we hypothesized 
that our observed anoxic SD is multifocal and the time 
delay between the anoxic SD onsets at different foci may 
be a signature of a broad connectivity-related metric 
while the brain shuts down during anoxia. We measured 
the time delay between anoxic SD onsets at two different 
electrodes, which we termed the “∆SD1-2 period” to rep-
resent asynchronous depolarizations of different brain 
regions. We saw fluctuations in peripheral (femoral) 
blood pressure and CBF during this period. On the basis 
of our recent studies showing that post-cardiac-arrest 
outcome is related to coupling of the neurovascular unit 
as well as dissociation between features of peripheral 
blood pressure and CBF [41, 43], we hypothesized that 
peripheral perfusion and CBF change during the ∆SD1-2 
period may also affect outcome. We found that a shorter 
∆SD1-2 period and a faster drop in peripheral perfusion 
during this period may be associated with better neuro-
logical outcome. This suggests that the consequences of 
anoxic SD stretch further than just within the brain and 
may impact the overall pathological process and even 
potentially recovery in conditions such as cardiac arrest.

Methods
In this study, we analyzed a naturally occurring anoxic 
SD during asphyxial cardiac arrest using Ag/AgCl DC 
electrodes, optical imaging, and femoral artery can-
nulation for peripheral blood pressure monitoring at 
a high temporal resolution. For optical imaging, we 
used laser speckle imaging to monitor CBF and multi-
spectral spatial frequency domain imaging to monitor 
CMRO2. For the purpose of simplicity in the Methods 
and Results sections, where only anoxic SD is men-
tioned, we will refer to anoxic SD as just SD.

Preclinical Rodent Model of Asphyxial Cardiac Arrest: 
Surgical Preparation
The animal model of asphyxial cardiac arrest and 
resuscitation used in this study has been described 
previously [9, 26–28] by our laboratory and is summa-
rized in Fig. 1. Briefly, male Wistar rats (Charles River 
Laboratories) of 8 to 12  weeks of age weighing 300 to 
400  g were handled daily for at least 1  week prior to 
any experimentation. The night prior to cardiac arrest 
experiments, rats were calorically restricted (75% 
restriction) with three food pellets, as is standard with 
our model [26]. The next morning, rats were endotra-
cheally intubated and received femoral artery and vein 

Fig. 1  Experimental timeline and set up. a Timeline of the asphyxial cardiac arrest experiment. b Schematic of our multimodal monitoring platform 
during the experiment. c Location of the AC and DC electrodes for cohort 1. d Location of the AC electrodes and craniectomy window for cohort 2. 
Reprinted/adapted with permission from Crouzet et al. [15] © The Optical Society
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cannulation to enable arterial blood pressure monitor-
ing and venous drug delivery, respectively. The tem-
perature of the animals was maintained at 37 °C using a 
temperature probe and heating pad.

Preclinical Rodent Model of Asphyxial Cardiac Arrest: 
Cardiac Arrest
Before the experiment (Fig.  1a), the rats were on 50% 
oxygen, 50% nitrogen; this was subsequently switched 
to 100% oxygen at the beginning of the experiment. An 
anesthetic (isoflurane) was washed out over a 3-min 
period, and a paralytic agent (vecuronium) was given. 
Following the washout period, cardiac arrest was induced 
by turning off the ventilator for 8 min. Subsequently, car-
diopulmonary resuscitation was initiated by turning the 
ventilator back on with 100% oxygen, giving epinephrine 
and sodium bicarbonate, and performing manual chest 
compressions. Chest compressions were continued until 
the return of spontaneous circulation, after which the 
rats were monitored continuously for an additional 2 to 
4 h. When the rat was able to breathe on its own, it was 
taken off the ventilator and breathed room air.

Preclinical Rodent Model of Asphyxial Cardiac Arrest: 
Postresuscitation Assessment
Staff assessing neurological outcome were blinded to 
the experimental groups. The neurological deficit scale, 
a behavioral test, was used to score neurological func-
tion at 24 h post resuscitation, with a higher score rep-
resenting better neurological function [29–31]. The burst 
suppression ratio, a quantification of suppression of 
alternating current (AC)-ECoG activity, was also used as 
an outcome measure at 40 to 60 min post resuscitation, 
when the rat was neurologically recovering. The burst 
suppression ratio decreases as the rat regains conscious-
ness. Time to burst is the time to resumption of electri-
cal activity of the brain as measured by the first burst of 
activity in the AC-ECoG signal and was used as another 
marker of neurological recovery.

Experimental Groups
In this study, two separate cohorts of rats, each with dif-
ferent multimodal monitoring techniques, were used 
(Fig.  1b). Animals were randomized into these two 
cohorts. In cohort 1 (Fig. 1c), 14 rats underwent surgery 
to implant three screw electrodes for AC-ECoG record-
ings and two DC Ag/AgCl electrodes for DC-ECoG 
recordings 1  week prior to the asphyxial cardiac arrest 
experiment. All rats in this cohort underwent an 8-min 
asphyxial cardiac arrest. The Ag/AgCl electrodes were 
made by chloridizing silver wires (Stoelting 50,880) in 
household bleach. The Ag/AgCl electrodes had a diam-
eter of 0.01 inches and were implanted 1  mm into the 

cortex in the right frontal hemisphere; another one was 
implanted in the right parietal cortex. Implanting and 
recording at the level of the cortex has a better signal-to-
noise ratio, has higher spatial and temporal resolution, 
and is less prone to artifacts [32]. We did not find any 
histological signs of neurodegeneration in the implanta-
tion sites. The skin at the back of the neck for each rat 
was clamped with an alligator clip to serve as a refer-
ence for the DC electrodes. Ten rats in cohort 2 (Fig. 1d) 
were monitored with optical imaging after we performed 
a partial craniectomy over the right parietal lobe with 
the dura intact (not removed) on the day of the experi-
ment. Rats in this cohort were monitored continuously 
with AC-ECoG electrodes but did not have DC-ECoG 
monitoring. These animals did not survive owing to the 
craniectomy. DC electrodes were used to monitor SD 
in cohort 1, and optical scattering changes were used to 
monitor SD in cohort 2. For analysis of outcome in cohort 
1, two rats were excluded from the analysis as statistical 
outliers because they had significantly higher post-car-
diac-arrest blood glucose levels, which could have been 
due to additional surgical stress. However, these two rats 
were included in the analyses not pertaining to outcome 
because only time periods before resuscitation were ana-
lyzed in those cases.

Data Acquisition and Post Processing
Post processing of arterial blood pressure, AC-ECoG, 
DC-ECoG, and optical imaging data was performed 
using MATLAB (The MathWorks, Inc., Natick, MA). In 
this study, AC-ECoG data were primarily used for the 
analysis of ECoG burst onset and the burst suppression 
ratio.

Burst Suppression Ratio
To calculate the burst suppression ratio for each rat, the 
AC-ECoG signal was processed by down sampling by 6 to 
254 Hz to reduce computational load, performing com-
mon average referencing for two AC-ECoG channels 
(AC1, AC3), notch 60-Hz filtering to remove electrical 
noise, and 1- to 150-Hz bandpass filtering. Afterward, a 
threshold for the amplitude of the signal was calculated 
by taking the sum of the mean and standard deviation 
during a period of 20 to 30  min post resuscitation. A 
burst suppression was calculated at an interval of at least 
0.5 s, in which the amplitude of the AC-ECoG signal did 
not exceed the threshold. The ratio of the time in burst 
suppression was calculated over a period of 1  min with 
an overlapping window of 30 s. This was calculated from 
5  min prior to the onset of asphyxia to 100  min after. 
For this study, we used an average of the burst suppres-
sion ratio during the 40- to 60-min period after onset of 
asphyxia as one of the markers for neurological outcome.
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Time to Burst
Time to burst was obtained by visually observing the 
first burst of AC-ECoG activity on our livestream of 
the AC-ECoG signal post resuscitation and is another 
marker of recovery in animals waking from coma after 
cardiac arrest. This was double checked by plotting the 
AC-ECoG signal with MATLAB and confirming the 
first burst of activity.

Arterial Blood Pressure and Arterial Blood Gas
For both cohorts, blood pressure was measured con-
tinuously at 191 Hz from an arterial line. Mean arterial 
pressure (MAP) was calculated using the following for-
mula: MAP = (systolic blood pressure + [2 × diastolic 
blood pressure])/3.

DC‑ECoG
In cohort 1, DC-ECoG data were acquired at 305  Hz 
with Duo 773 and Model 750 electrometers (World 
Precision Instruments, Saratosa, FL) with two DC 
leads, DC1 and DC2. A 1-Hz low pass filter was used on 
the DC-ECoG signal post acquisition to remove noise 
and identify SD. DC1 (located in the right frontal cor-
tex) and DC2 (located in the right parietal cortex) both 
produced SD at different times, shown as DC potential 
shifts. SD was detected with DC electrodes by observ-
ing a DC potential shift and visually identifying the 
negative deflection in DC-ECoG to mark the SD onset.

Optical Imaging
Throughout the experiments, rats in cohort 2 were 
monitored with two diffuse optical imaging technolo-
gies: laser speckle imaging and multispectral spatial 
frequency domain imaging. Laser speckle imaging 
measures blood flow, as previously established in both 
preclinical and clinical studies [33–35], including 
investigations into cardiac arrest [28, 33, 36]. Spatial 
frequency domain imaging [37, 38] measures the tis-
sue absorption coefficient (related to hemoglobin con-
centration and oxygenation [28, 37, 39]) and scattering 
coefficient (related to morphology and distribution of 
cells and organelles [40]). Tissue scattering has been 
shown to change during SD, likely because of cytotoxic 
edema [39]. The combination of laser speckle imag-
ing and spatial frequency domain imaging data can 
be used to calculate CMRO2 [41]. In this study, laser 
speckle imaging data were acquired with a frame rate 
of 60  Hz, and spatial frequency domain imaging data 
were acquired with a frame rate of 14 Hz. However, to 
reduce computational load, we reduced the sampling 

rate to ~ 17 data points per minute for spatial frequency 
domain imaging and ~ 39 data points per minute for 
laser speckle imaging, which was enough to capture the 
dynamic changes during SD.

Data Analysis
Laser Speckle Imaging Data: Relative CBF
The laser speckle imaging data were used to compute 
the speckle flow index, a measure of CBF, over a fixed 
spatial region of interest spanning the majority of the 
imaging window. Relative cerebral blood flow (rCBF) 
was normalized to the mean CBF calculated over the 
30-s interval immediately prior to the onset of asphyxia.

Spatial Frequency Domain Imaging Data: Tissue Scattering 
and Oxygenation
For the spatial frequency domain imaging data analy-
sis, a custom MATLAB code [28] calculated best fit of 
a computational (Monte Carlo) model of light-tissue 
interaction to the measured data. These model fits pro-
vided tissue oxyhemoglobin concentration (ctHbO2), 
deoxygenated hemoglobin (ctHb), and scattering 
maps. The ctHbO2 and ctHb data were combined to 
calculate tissue oxygenation (StO2) via the follow-
ing formula: StO2 = (100 × ctHbO2)/(ctHbO2 + ctHb). 
Time-resolved ctHbO2, ctHb, StO2, and tissue scatter-
ing curves were formulated by averaging the optical 
property maps over a fixed spatial region of interest.

Laser Speckle Imaging + Spatial Frequency Domain Imaging 
Data: CMRO2
Time-resolved CMRO2 was calculated using the for-
malism developed by Boas and Dunn [40, 42], combin-
ing CBF data from laser speckle imaging with ctHbO2 
and ctHb data from spatial frequency domain imaging. 
For the calculation of CMRO2, the CBF data were ana-
lyzed using a  region of interest covering the majority 
of the imaging window (to represent overall perfusion 
into the brain), whereas ctHbO2 and ctHb data were 
analyzed using an region of interest over a prominent 
vein (to more accurately probe the amount of oxygen 
consumed by the tissue).

Cerebrovascular Resistance Data
Cerebrovascular resistance (CVR) is the ratio of cer-
ebral perfusion pressure to CBF. Relative cerebrovas-
cular resistance versus time (rCVR[t]) was defined as 
rCVR(t) = relative mean arterial pressure versus time 
(rMAP[t])/relative cerebral blood flow versus time 
(rCBF[t]) [43–46], where rMAP and rCBF are values 
normalized to the mean over a 30-s interval immedi-
ately before onset of asphyxia.
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Multimodal Parameter Set
For each cohort, a multimodal set of parameters was 
extracted from the data around SD onset to analyze 
several associations. In cohort 1, these parameters 
included the following: (1) time to DC-ECoG SD onset 
during asphyxial cardiac arrest for SD1 and SD2 and (2) 
average rate of change of MAP, systolic blood pressure, 
diastolic blood pressure, and heart rate 30 s before and 
after SD onset at both DC leads as well as between the 
SD onsets in the two leads (∆SD1-2 period).

In cohort 2, the parameter set included quanti-
ties obtained from the optical measurements. In this 
cohort, SD onset was most reliably measured via spa-
tial propagation of changes in tissue scattering. The 
parameters extracted from cohort 2 included the fol-
lowing: (1) scattering change onset during asphyxial 
cardiac arrest (SD), (2) percentage change in scattering 
during SD, (3) area under the curve (AUC) of scattering 
change during SD, (4) time to peak of CVR, (5) maxi-
mum relative increase in CVR compared with baseline, 
and (6) AUC and slope over the 30  s before and after 
scattering change of MAP, systolic blood pressure, dias-
tolic blood pressure, pulse pressure, and heart rate with 

the additional inclusion of CBF, CMRO2, CBF/CMRO2, 
and CVR. The ratio of CBF/CMRO2 is a metric of cer-
ebral flow–metabolism (supply and demand) [27, 41].

Statistical Models and Tests
The personnel performing data analysis were not blinded 
to the experimental groups (cohort 1 and cohort 2). 
Statistical testing was performed with MATLAB. For 
each correlation analysis, Spearman correlations were 
performed when one of the parameters used was not 
normally distributed. When both parameters used for 
correlation were normally distributed, Pearson correla-
tion was used. For each cohort, paired t-tests were per-
formed to compare between time points for AUC and 
slopes.

Results
Detection of Anoxic SD During Asphyxial Cardiac Arrest 
with DC Electrodes
In cohort 1, using DC electrodes, detection of SD 
occurred between 1.7 and 3  min after the onset of 
asphyxia in our cardiac arrest model (Fig. 2). For cohort 
1, DC1 and DC2 were used to separately detect SD onset 

Fig. 2  Detection of spreading depolarization (SD) during asphyxial cardiac arrest with DC electrodes in cohort 1. a Example DC potential tracing 
for rat undergoing asphyxial cardiac arrest, showing DC1 and DC2 potential shifts, as well as the corresponding systolic (SP) and diastolic (DP) blood 
pressures and heart rate (HR) during this period. b Distribution of SD onset times detected by DC1 and DC2 leads. SD occurs earlier in DC2 than 
DC1. c Paired one-tailed t-test showing that DC1 SD onset is significantly later than DC2 SD onset (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001)
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(Fig. 2), with DC2 detecting anoxic SD earlier than DC1. 
Because of this, the SD detected first by DC2 will be 
referred to as SD1, whereas the SD detected later by DC1 
will be referred to as SD2. The SD was persistent until 
after successful resuscitation, at which point repolariza-
tion occurred. We refer to the period of delay in detec-
tion of anoxic SD between the two DC electrodes, located 
in different parts of the brain, as the ∆SD1-2 period. In 
the first part of this study, we analyzed the peripheral 
hemodynamic changes that occurred during this period 
of depolarizations of the brain.

Diastolic Blood Pressure Drop Accelerates During ∆SD1‑2 
Period
For cohort 1, MAP dropped faster in 30 s after the second 
detected SD compared with the MAP drop during the 
30 s before the first detected SD (Fig. 3a). Systolic blood 
pressure and pulse pressure dropped at a consistent rate 
because the rate of change was not significantly different 
between the three time periods (Figs. 3b, c). Of note, in 
contrast to other blood pressures, diastolic blood pres-
sure dropped faster within the same time frame (Fig. 3c). 
Figure 3e shows that the rate of change of the heart rate 
curve actually plateaus during the ∆SD1-2 period. This 
indicates that heart rate was dropping before it stabi-
lized and was maintained during the ∆SD1-2 period then 
dropped again afterward.

Peripheral Blood Pressure is Transiently Decoupled 
from Heart Rate During SD
Heart rate and blood pressure were closely associated 
physiologically. Using values normalized to baseline 
(30  s before asphyxia), rate of change (slope) in heart 
rate was compared with rate of change in normalized 
blood pressure (Fig. 4) during the same time periods as in 

Fig. 3: pre-SD1, ∆SD1-2 period, and post-SD2 (Fig. 4a–c, 
respectively). The values were normalized to obtain rela-
tive (percentage) changes so that heart rate and blood 
pressure could be compared individually and between 
each other because in a clinical setting, percentage 
changes of these values are important for assessing dis-
orders, such as heart failure. We saw that rate of change 
in heart rate was well coupled to rate of change in all 
peripheral blood pressure measures prior to the first SD 
onset as expected (Fig. 4a). However, heart rate increased 
and/or plateaued during the ∆SD1-2 period, whereas 
blood pressure continued to drop (Fig.  4b). Thus, the 
rates of heart rate and blood pressure drop became dif-
ferent, indicating decoupling of the heart rate and blood 
pressure during this period. Figure  4c shows that after 
detection of the second SD onset, the heart rate began to 
fall again and partially closed the gap with the drop rates 
of the blood pressures. After detection of the second SD 
onset, heart rate again became coupled with blood pres-
sure, with the exception of pulse pressure. Figure  4d 
shows the difference in rate of change of relative heart 
rate and MAP (heart rate–MAP) during the same time 
points. The difference between heart rate and MAP being 
close to zero before the first SD onset indicates how well 
coupled they began prior to their significant decoupling 
during the ∆SD1-2 period. They became coupled once 
again after the second SD onset as the change became 
nonsignificant in relation to before the first SD onset 
(p > 0.05). A similar trend is shown with diastolic blood 
pressure in Fig.  4f. However, a significant difference in 
coupling of heart rate with systolic blood pressure and 
pulse pressure was not seen (Fig. 4e, g).

Fig. 3  Diastolic blood pressure (BP) drop accelerates between SD1 and SD2 onsets. In cohort 1, rate of change for mean arterial pressure (MAP) (a), 
systolic BP (SP) (b), diastolic BP (DP) (c), pulse pressure (PP) (d), and heart rate (HR) (e) during the 30-s period before SD1 onset, the ∆SD1-2 period, 
and the 30-s period after SD2 onset. A negative rate of change value represents the drop rate. After SD1 onset, DP drop rate steepens, whereas SP 
drop rate remains stable and HR drop rate subsides and plateaus (*p < 0.05; **p < 0.01)
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Shorter ∆SD1‑2 Period and Faster Drop in MAP are 
Associated with Better Neurological Outcome Post Cardiac 
Arrest
The rats with a good outcome (blue tracing, Fig.  5a) 
were seen with a shorter ∆SD1-2 period, a faster drop 
rate in MAP during the same time period (Fig.  5h), an 
earlier time to first burst or time to burst (Fig.  5c), and 
a lower burst suppression ratio (Fig.  5j). The rats with 
poor outcome were seen to have a longer ∆SD1-2 period, 
slower MAP drop rate during that period, later time to 
burst, and higher burst suppression ratio (Fig. 5d, e, f, j, 
respectively). Mean perfusion varied from rat to rat dur-
ing the ∆SD1-2 period (mean MAP 21 ± 10  mm Hg, 
range 7–40  mm Hg). The mean MAPs for pre-SD1 and 
post-SD2 were 23.05 ± 9.07 mm Hg and 16.58 ± 8.45 mm 
Hg, respectively. The mean values at any of these peri-
ods did not correlate with any of our outcome meas-
ures. The same was found for diastolic blood pressure, 
systolic blood pressure, and pulse pressure (not shown). 
However, we found that a faster drop in MAP during 
this period was associated with better neurological out-
come as measured by the behavioral neurological deficit 

score 24  h post resuscitation (Fig.  5h). We also found 
that a faster drop rate of diastolic blood pressure dur-
ing the ∆SD1-2 period was associated with faster recov-
ery of electrical brain activity, indicated by a lower burst 
suppression ratio or, more simply, an increase in ECoG 
bursting 40 to 60 min post resuscitation (Fig. 5k). Lastly, 
we found that a shorter ∆SD1-2 period was correlated 
with a better 24-h neurological deficit score (Fig. 5g) as 
well as an earlier resumption of electrical activity in the 
brain, measured by time to burst (Fig. 5i). Clinically, this 
means that a shorter duration of ∆SD1-2 in the brain 
and a faster drop rate of peripheral blood pressure dur-
ing SD in global ischemia are associated with better out-
come. This was only done for cohort 1 because the rats 
in cohort 2 were euthanized ~ 90 min after resuscitation.

Magnitude of SD‑Dependent Changes in Tissue Scattering 
Associated with Subsequent Changes in CVR
In cohort 1, we analyzed how SD may affect peripheral 
dynamics but did not measure any cerebral hemodynamic 
changes. In cohort 2, we measured the cerebral hemody-
namic changes in concert with peripheral hemodynamic 

Fig. 4  Heart rate (HR) and blood pressure (BP) become transiently decoupled during SD and partially recoupled after spreading depolarization 
(SD). a In cohort 1, average rates of change (slope) during the 30-s period before SD1 (pre-SD1) of HR, mean arterial pressure (MAP), systolic BP 
(SP), diastolic BP (DP), and pulse pressure (PP). Prior to calculating rates of change, each of these parameters was normalized to baseline so that the 
parameters could be compared with each other. There is no difference in the rate of change between HR and BP before SD1 onset. b HR and BP 
metrics (as in a) during the ∆SD1-2 period. During SD, there is a significant difference between the average rate of change of HR and BP parameters. 
c HR and BP metrics during the 30 s after SD2 (post-SD2). Difference in rate of change (slope) between HR and MAP (d), SP (e), DP (f), and PP (g): 
pre-SD1, ∆SD1-2, and post-SD2. HR relative to MAP and DP shows significant initial decoupling with a recoupling post-SD2, whereas, relative to SP 
and PP, HR shows no significant decoupling throughout (*p < 0.05; **p < 0.01)
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changes during SD to determine whether SD affected 
both the same way. SD in cohort 2 was monitored with 
optical imaging and was measured via optical scatter-
ing changes in the brain (Fig.  6a). Owing to the opti-
cal window taking the place of where DC2 lead would 
go, we could not analyze the exact same duration of SD 
using the two DC leads as in cohort 1. Also, because we 
observed scattering change through one cranial win-
dow, we were unable to spatially discern if the scattering 
changes were multiple or a single wave. The wave of scat-
tering change we observed may be a composition of mul-
tiple waves, but it is unclear. Although a different metric 
of SD from cohort 1, this still provided cerebral hemody-
namic changes to be compared with peripheral hemody-
namic changes that occurred during SD. The onset of the 
scattering change (defined as the local minimum point on 
the scattering curve) was marked as the onset of SD. The 
maximum point at the end of the scattering change was 
marked as the end of SD. This period from the onset to 
the end simply indicates the time in which we observed 

scattering change in our window and likely does not rep-
resent the state of the entire brain. The changes in rCBF, 
rMAP, and rHR (Fig.  6a) were more subtle during the 
scattering change (SD) compared with before and after 
SD, but the rise and peak in rCVR was apparent during 
this period. The peak rCVR occurred near the end of the 
SD-related optical scattering change (Fig. 6b, c). The time 
at which rCVR peaked was also strongly correlated with 
the AUC of optical scattering change (Fig. 6d). The peak 
value of rCVR during this period correlated with the 
magnitude of optical scattering change (Fig.  6e). These 
findings indicate that the timing and magnitude of SD, as 
measured by optical scattering, is correlated to changes 
in CVR.

Significant Transient Rise of CVR Coincides 
with Perturbation in Cerebral Flow–Metabolism Coupling 
During SD
With the onset of SD, there was a rise in CVR that per-
sisted through SD and after (Fig. 7a). However, with the 

Fig. 5  Shorter ∆SD1-2 period is associated with better neurological outcome post cardiac arrest. In cohort 1, spreading depolarization (SD) onsets 
(a) mean arterial pressure (MAP) (b), and AC ECoG (c) for an animal with good outcome (high 24-h neurological deficit scale [NDS] score). SD 
onsets (d), MAP (e), and AC ECoG (f) for an animal with a poor outcome (low 24 h NDS score). c Shows an earlier time to burst (TTB), defined as the 
resumption in cerebroelectrical activity, in the AC ECoG signal post resuscitation in a rat with good outcome, whereas f shows a later TTB in a rat 
with poor outcome. j shows corresponding rats from c and f with their burst suppression ratios (BSRs), with the good outcome rat (c, blue tracing) 
having a lower BSR and poor outcome rat (f, orange tracing) having a high BSR. g shows that a shorter ∆SD1-2 period is associated with a higher 
24-h NDS score (Spearman p < 0.05, r =  − 0.60). h shows that a faster drop rate in perfusion (as measured by slope of MAP) during the ∆SD1-2 
period is associated with a higher 24-h NDS score (Spearman p < 0.05, r =  − 0.69). i shows that a shorter ∆SD1-2 period is correlated with shorter 
TTB (Pearson p < 0.05, r = 0.60). k shows that a faster drop rate of (diastolic blood pressure (DP) during the DC2-DC1 SD onset time period is associ-
ated with less burst suppression at 40 to 60 min post resuscitation, indicating a better outcome (Pearson p < 0.005, r =  − 0.77)
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end of SD, the rate of change of rCVR became nega-
tive, indicating a decrease in CVR (Fig.  7b). rCBF and 
rCMRO2 (with ‘r’ indicating values relative to base-
line) consistently dropped throughout the course of SD 
(Figs. 7c, d). However, there was a noticeable SD-related 

change in the rCBF/rCMRO2 ratio, which is a metric of 
cerebral flow–metabolism (supply and demand) [27, 
41]. The AUC of the rCBF/rCMRO2 ratio (AUC rCBF/
AUC rCMRO2 then normalized to duration) transiently 
but significantly dropped during SD, indicating cerebral 

Fig. 6  Spreading depolarization (SD), measured by optical scattering, is associated with changes in cerebrovascular resistance (CVR). a In cohort 2, 
tracings of tissue scattering changes in the brain, along with relative cerebrovascular resistance (rCVR), relative cerebral blood flow (rCBF), relative 
mean arterial pressure (rMAP), and relative heart rate (rHR), in a representative rat, all normalized to baseline. b Distributions of SD onset time, com-
pletion time, and time at which CVR peaks in cohort 2 animals. c Comparison of SD onset and SD end times vs. rCVR maximum time, showing that 
rCVR maximum time occurs significantly after SD onset and occurs around SD end time (***p < 0.0005). d Scatter plot showing positive correlation 
between optical scattering area under the curve (AUC) during SD and rCVR maximum time (Spearman p < 0.0005, r = 0.92). e, Scatter plot showing 
positive correlation between magnitude of optical scattering change during SD and rCVR peak value (Spearman p < 0.05, r = 0.75)

Fig. 7  Rise in cerebrovascular resistance (CVR) coincides with perturbed flow–metabolism coupling. a In cohort 2, area under the curve (AUC) 
of relative cerebrovascular resistance (rCVR) normalized to the 30-s period before spreading depolarization (SD) (pre-SD), during the span of SD 
(mid-SD) (duration of scattering change), and the 30-s period after SD (post-SD). Compared with before SD, there is a significant increase in the CVR 
mid-SD and post-SD. b Rate of change of rCVR through SD time points. The rate of change of CVR increases mid-SD compared with pre-SD but 
decreases significantly post-SD. c AUC of relative cerebral blood flow (rCBF) through SD time points. rCBF dramatically drops from mid-SD onward. 
d AUC of relative cerebral metabolic rate of oxygen (rCMRO2) through SD time points. rCMRO2 drops dramatically mid-SD and post-SD. e rCBF/
rCMRO2 is a metric of cerebral flow–metabolism (e.g., supply and demand). Although the individual AUCs of both rCBF and rCMRO2 decrease mid-
SD and post-SD, the rCBF/rCMRO2 AUC ratio normalized to time shows significant reduction during mid-SD only
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flow–metabolism decoupling, but returned to pre-SD 
values after SD (Fig. 7e).

After SD, the Drop in Peripheral Blood Pressure is 
Decoupled from Cerebral Perfusion and Metabolism
Pre-SD and mid-SD, the rates of change in CBF, CMRO2, 
and peripheral blood pressure were similar (Fig.  8a, b), 
signifying coupling between these parameters. Post-SD, 
CBF became decoupled to both CMRO2 and peripheral 
blood pressure (Fig.  8c). During this period, the rate of 
drop in CBF was closer to zero than that in CMRO2 and 
peripheral blood pressure. This was likely due to the max-
imum CVR occurring at the same time, shutting off blood 
flow and causing decoupling between CBF and periph-
eral blood pressure. Similarly, CMRO2 was coupled with 
peripheral blood pressures pre-SD (Fig. 8d) but became 
decoupled from peripheral blood pressures at the start 
of SD (Fig. 8e, f ). CMRO2 dropped dramatically with SD 
onset, much greater than the relative drops in peripheral 
blood pressures (Fig. 8e, f ). However, CBF AUC was sig-
nificantly lower than CMRO2 AUC and peripheral blood 
pressure AUC throughout all time points.

Discussion
In this study, we investigated the effects of anoxic SD on 
CBF, cerebral metabolism, and peripheral blood pres-
sure during global ischemia and its effect on neurologi-
cal outcome after resuscitation. Although most literature 
focuses on the effect of SD on local cerebral perfusion 
or the effect of ischemia/hypotension on induction of 
anoxic SD, here we focused on the reverse possibility: 
the potential for anoxic SD to invoke changes in periph-
eral blood pressure. Moreover, to our knowledge, this is 
the first study to characterize the relationship between 
peripheral blood pressure and CBF during anoxic SD. A 
previous study [18] using multimodal imaging of anoxic 
depolarization used voltage-sensing dye to measure SD 
and investigated CBF with laser speckle imaging and 
peripheral blood pressure during SD in a nonresuscita-
tion cardiac arrest model, but the analysis concluded 
that SD did not affect either CBF or peripheral blood 
pressure. However, the authors of the aforementioned 
study did not assess the data with a high temporal reso-
lution during SD because they only used averaged sig-
nals at seven selected time points over 3 min, which was 
too low to capture rapid changes [18]. By contrast, our 
study measured ~ 17 data points per minute with spatial 

Fig. 8  Decoupling of peripheral blood pressure (BP) from cerebral perfusion and metabolism mid-spreading depolarization (mid-SD) and/or post-
SD. In cohort 2, the rate of change of relative cerebral blood flow (rCBF), relative cerebral metabolic rate of oxygen (rCMRO2), relative mean arterial 
pressure (rMAP), relative systolic BP (rSP), and relative diastolic BP (rDP) pre-SD (a), mid-SD (b), and post-SD (c). There is no difference between rCBF 
and other parameters pre-SD and mid-SD, but there is a significant difference post-SD. Area under the curve (AUC) of rCBF, rCMRO2, and peripheral 
BPs pre-SD (d), mid-SD (e), and post-SD (f). rCBF is significantly lower than the other parameters pre-SD, mid-SD, and post-SD. rCMRO2 is only signifi-
cantly different from peripheral BP mid-SD and post-SD
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frequency domain imaging and ~ 39 data points per sec-
ond with laser speckle imaging. Additionally, the previ-
ous study did not characterize the relationship between 
CBF and peripheral blood pressure, but rather it looked 
at them independently, finding that anoxic SD did not 
affect the changes in CBF or peripheral blood pressure. 
In contrast, we found that anoxic SD may affect periph-
eral blood pressure, possibly by relaxing peripheral vas-
culature, and decouple peripheral blood pressure from 
CBF and metabolism. Furthermore, in our resuscitation 
cardiac arrest model, we show for the first time an asso-
ciation between the characteristics of peripheral blood 
pressure during anoxic SD and neurological outcome.

In cohort 1 animals, the ∆SD1-2 period, a time delay 
between detection of two anoxic SDs measured in two 
different locations, was analyzed. We found this period 
to be significant because we found the time delay varied 
from rat to rat, and it may represent a broad connectiv-
ity metric across the brain while it is shutting down. Fur-
thermore, we noticed blood pressure fluctuations during 
this period, and so we investigated the potential periph-
eral and cerebral changes occurring during this period. 
As mentioned in the Results section, we cannot be cer-
tain that the detected SDs were from separate foci or 
from a single propagating SD, but it is likely more than 
one anoxic SD on the basis of the global ischemia model 
[25]) and that the speed of propagation (if a single SD) 
would be much too fast compared with what is known in 
literature. Using the distance between the two DC elec-
trodes and the time delay between the two, the calculated 
speed of the anoxic SD ranged from 7 to 724  mm/min. 
On the basis of known SD speeds of 1.5 to 9.5 mm/min, 
these speeds were too fast, which suggests that rather 
than a single propagating wave, there were likely multiple 
foci where SD originates, leading to, in some cases, near 
simultaneous detection at both DC electrodes. This may 
be because in this asphyxial cardiac arrest model, blood 
flow to the whole brain shuts down, leading not to a sin-
gle, but likely multiple ischemic cores occurring at near 
simultaneous times because of differences in ischemic 
thresholds in different regions of the brain based on 
possible proximity to blood vessels and local blood flow 
and metabolic demand. Per prior studies, during global 
ischemia, anoxic SD is likely to occur at slightly differ-
ent times in different brain regions, possibly reflecting 
small variations in tissue perfusion loss during ongoing 
ischemia and/or different regions having varying thresh-
olds for triggering of anoxic SD [47–49]. In contrast, in 
focal stroke or other conditions in which there is a sin-
gle ischemic core, the SD propagates outward from the 
ischemic core.

Cortical Anoxic SD Transiently Decouples Peripheral Blood 
Pressure from Heart Rate
Effects of SD on cerebral hemodynamics and metabo-
lism have been investigated [2], but the effects of SD on 
peripheral blood pressure and heart rate remain largely 
unexplored. Our data showed that the rate of change 
of systolic blood pressure was consistent from before 
the ∆SD1-2 period, during the ∆SD1-2 period, to after, 
whereas diastolic blood pressure’s drop rate increased 
throughout the same time periods. This contrasts with 
the transient rise and/or plateauing of heart rate we 
observed during the ∆SD1-2 period, which was accom-
panied by stronger systolic function that prevented the 
systolic blood pressure from dropping at an accelerated 
rate. Although these may appear to be compensatory 
cardiac functions in a state of circulatory shock, the dias-
tolic blood pressure drop rate continued to accelerate, 
supporting a possible relaxation of the peripheral vas-
cular tone and/or changes in cardiac diastolic function. 
Because diastolic blood pressure is closely associated 
with vascular tone and elasticity [50, 51] more than car-
diac function, it is possible that anoxic SD may be indi-
rectly affecting peripheral vascular tone. Future studies 
will focus on direct assessment of peripheral arteries to 
assess for vasodilation and evaluation of cardiac func-
tion for changes in diastole. This is further supported 
by the changes in heart rate being coupled with changes 
in peripheral blood pressure before the first SD onset, 
whereas during the ∆SD1-2 period, the heart rate tran-
siently rose, decoupling it from all the peripheral blood 
pressure metrics, and after detection of the second SD 
onset, became less decoupled. These data suggest that 
anoxic SD may possibly produce a transient brain–heart 
coupling effect, which increases heart rate while relax-
ing vascular tone. One mechanism of such brain–heart 
coupling may be via the vagus nerve, which can modu-
late the parasympathetic activity of the heart, including 
regulation of both the sinoatrial nodes and atrioventricu-
lar nodes [52]. Interestingly, the vagus nerve has recently 
been shown to modulate SD [11–14]; however our data 
suggest that the reverse directionality is plausible, namely 
that anoxic SD may also potentially modulate the heart 
through the vagus nerve or its related components.

Shorter ∆SD1‑2 Duration and Faster Drop in Peripheral 
Perfusion During the ∆SD1‑2 Period is Associated 
with Better Outcome 24 Hours Post Cardiac Arrest
We found that a faster drop in peripheral perfusion 
(slope of MAP and diastolic blood pressure) during the 
∆SD1-2 period was correlated with a higher behavio-
ral recovery 24 h later (neurological deficit scale scores) 
(Fig.  5h). This suggests that faster drop in peripheral 
perfusion during the ∆SD1-2 period is associated with 
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better neurological outcome. However, we also showed 
that a shorter ∆SD1-2 period was also associated with 
better outcome, as evidenced by shorter time to burst 
(Fig.  5i), as well as increased behavioral recovery 24  h 
later (Fig. 5g). We also saw that a faster drop in diastolic 
blood pressure during the ∆SD1-2 period was associated 
with better neurological outcome in quantitative ECoG 
parameters immediately post resuscitation and better 
neurological outcome post cardiac arrest (Fig.  5k). This 
may appear counterintuitive because faster depression of 
the brain with anoxic SD and a faster drop in perfusion 
may be expected to produce worse outcomes. However, 
in another recent study from our research laboratory, we 
again found that a faster drop in perfusion before anoxic 
SD is associated with better neurological outcomes after 
cardiac arrest [9]. It is possible that there may be an 
unmeasured component related to SD and perfusion that 
produces a protective effect. Future studies will focus on 
teasing these complex mechanisms apart.

Magnitude of Anoxic SD is Associated with Subsequent 
Changes in CVR and Transient Decoupling of CBF 
and Metabolism During Anoxic SD
Our multimodal platform using optical imaging of the 
brain alongside peripheral blood pressure monitoring 
allowed us to simultaneously and continuously moni-
tor CBF, brain metabolism, and peripheral blood pres-
sure throughout the cardiac arrest experiment. Using 
the measured CBF and MAP, we estimated a surrogate 
measure of rCVR [43–46]. We suspected that rCVR may 
be particularly sensitive to changes in CBF and blood 
pressure during anoxic SD given that SD is known to 
affect CBF and our data in this study support blood pres-
sure changing after anoxic SD onset. Interestingly, we 
observed a significant increase in rCVR starting with 
the onset of SD-associated changes in optical scatter-
ing. During SD, there were morphological changes in 
tissue that increased scattering of light, which could be 
detected by spatial frequency domain imaging and used 
to determine the onset of SD [9]. Under normoxic con-
ditions, SD is known to induce vasodilation to increase 
CBF [2], but in pathological conditions (e.g., ischemic or 
hypoxic), it has been shown to reduce vessel diameter 
[18], thus increasing CVR. However, to our knowledge, 
the changes that occur in peripheral and cerebral hemo-
dynamics as well as cerebral metabolism 30 s before, dur-
ing, and 30 s after anoxic SD have not been analyzed with 
high temporal resolution. High temporal resolution was 
needed because it allowed us to separate the dynamics 
between these 30- and 60-s periods to provide insights 
into the physiology of cerebral and peripheral hemody-
namics before, during, and after anoxic SD. In addition to 
the rise of CVR with anoxic SD onset, we also found that 

the peak of CVR coincided with the end of optical scat-
tering changes (end of anoxic SD). After anoxic SD, CVR 
interestingly began to decrease. The time at which CVR 
peaked was also strongly correlated with the AUC (a 
measure of total magnitude) of optical scattering change 
during anoxic SD (p < 0.0005, r = 0.92). Additionally, peak 
CVR was also strongly correlated with the magnitude of 
optical scattering change during SD (p < 0.05, r = 0.75). 
Greater observed optical scattering changes may be 
related to anoxic SD-induced extracellular ion changes 
(i.e., increase K+ ions) and thus greater vasoconstriction. 
This aligns with findings from another study in which 
extracellular K+ was the predominant vasoconstrictor in 
SD [2, 53]. This may explain how CVR peaks at the end 
of anoxic SD and how the magnitude of anoxic SD or 
extracellular K+ ion change is correlated with the mag-
nitude of CVR. Moreover, whereas immediately before, 
during, and after anoxic SD, CBF and CMRO2 continu-
ously drop, the ratio of rCBF/rCMRO2, a metric of cere-
bral flow–metabolism coupling, showed a different trend. 
Specifically, during anoxic SD, rCBF/rCMRO2 dramati-
cally dropped but then returned to its previous state after 
anoxic SD. We speculate that the rise in CVR was caused 
by CBF decreasing more than CMRO2, thus producing 
the flow–metabolism imbalance during anoxic SD.

Anoxic SD is Associated with Decoupling of Peripheral 
Blood Pressure from CBF and Brain Metabolism
Before and during anoxic SD, the rate of change in CBF 
was coupled with that of CMRO2 and peripheral blood 
pressure, suggesting that the changes in all these param-
eters are similar. After anoxic SD, CBF became decoupled 
from rCMRO2 and peripheral blood pressure. During 
this period, the rate of drop in CBF was closer to zero 
compared with that in CMRO2 and peripheral blood 
pressures, indicating that it had likely fallen to a mini-
mum and could not be reduced further. This is likely due 
to CVR hitting its peak at this time, nearly shutting down 
blood flow and causing decoupling of CBF from CMRO2 
and peripheral blood pressure. Similarly, CMRO2 was 
coupled with peripheral blood pressures before anoxic 
SD but became decoupled starting at anoxic SD onset. 
CMRO2 dropped dramatically with anoxic SD onset 
with a magnitude much greater than that of the relative 
drops in peripheral blood pressures. This may be because 
anoxic SD is a highly energy-consuming event, and with 
a lack of oxygen to begin with, cerebral metabolism con-
sumes any remaining oxygen and shuts down quicker. 
This is in contrast to SD in normal condition with suf-
ficient oxygen, in which CMRO2 increases to the point 
of potentially doubling compared with baseline. These 
data further show that unlike in a normal state, during 
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an ischemic-hypoxic state, anoxic SD leads to a dramatic 
relatively greater drop in both CBF and CMRO2, leading 
to a decoupling of both with peripheral blood pressure 
during and after anoxic SD.

Limitations
Our study has several limitations that we hope to 
address in future experiments. A major limitation in 
our study is that some of our findings and relationships 
between factors are correlational. Future studies will 
require interventions during ongoing global ischemia to 
better assess causality and the specific mechanisms that 
may tie anoxic SD with cardiovascular function and 
neurological outcome. Along these lines, this report 
does not characterize cerebral changes and neurological 
recovery data on a molecular, cellular, and histological 
level, which would help to better elucidate the mecha-
nisms underlying our findings. In addition, our sample 
size was low and because of the high number of statis-
tical comparisons, there is a concern for underpower-
ing and type II error in this pilot study. The uncoupling 
effects seen in our results may also simply be due to 
cardiac dysfunction occurring at the same time as SD. It 
is unclear whether the cerebral dysfunction or cardiac 
dysfunction played a greater role, but because of some 
of the hemodynamic effects being transient just during 
SD, it seems less likely it is purely due to cardiac dys-
function. Furthermore, we only had two DC electrodes 
and we also did not test whether these results would 
hold true if the electrodes were to be placed in different 
regions of the brain. Future experiments can include 
more DC electrodes and in different locations to test if 
the results still hold and to be able to better decipher 
the pattern of connectivity with greater spatial resolu-
tion. Another major limitation is that this study only 
used male animals. Sex differences are critical to a vari-
ety of neurological and cardiovascular functions, and 
future experiments should account for this by including 
both sexes. Furthermore, animals were divided into two 
cohorts with different surgical preparations, precluding 
us from obtaining behavioral outcome data (e.g., neuro-
logical deficit scale score) 24 h later for animals in the 
optical imaging cohort because they were euthanized 
after 2  h of monitoring following resuscitation due to 
the craniectomy. Additionally, a craniectomy can intro-
duce its own confounding variable because it provides 
an outlet for intracranial pressure changes that may 
occur during ischemia. Although this is a limitation, it 
also may indeed make our rCVR estimation more reli-
able because a craniectomy helps to mitigate major 
changes in intracranial pressure [43–46]. The craniec-
tomy also may affect CBF. Nevertheless, limitations 

with a craniectomy can be addressed in future studies 
by using either a chronic imaging window or a thinned 
skull procedure to enable survival studies out to 1 week 
post resuscitation or beyond. Finally, the craniectomy 
was performed over only a 6 × 4  mm area of the skull 
rather than the entire surface of the brain. Therefore, 
our measurements of SD onset in cohort 2 were lim-
ited to the location and time the CBF and scattering 
changes first appeared within the craniectomy region. 
Another limitation of this study is that we did not 
measure partial pressure of CO2 in the blood or local 
pH continuously throughout asphyxia and anoxic SD, 
which may affect anoxic SD.

Conclusions
In this study, we used a rat model of asphyxial cardiac 
arrest with continuous and simultaneous multimodal 
monitoring, including optical imaging and electrophysi-
ology, to quantify changes in cerebral activity, blood 
flow, oxygen metabolism, peripheral blood pressure, 
and heart rate before, during, and after anoxic SDs. We 
analyzed the effects of different stages of anoxic SD on 
CBF, CMRO2, and peripheral blood pressure as well as 
the relationship between these three metrics. Although 
the effect of hypoperfusion on anoxic SD has long been 
known, our study demonstrates for the first time that 
anoxic SD may in turn have effects on peripheral perfu-
sion not only by affecting CBF and CMRO2 but also by 
stretching further, leading to changes in the peripheral 
blood pressure measured in the extremities and heart 
rate likely via a brain–heart connection. We show that 
there is a significant transient rise of CVR during anoxic 
SD that is positively correlated with the magnitude of 
anoxic SD and that the rise in this CVR coincides with 
perturbation in cerebral flow–metabolism coupling dur-
ing anoxic SD. We also show that a faster drop of periph-
eral perfusion during anoxic SD is associated with better 
short-term (40–60  min) and longer-term (24  h) neuro-
logical recovery after cardiac arrest. These results provide 
support for the likelihood that the influence of anoxic 
SD may not be limited to the brain but can likely reach 
the peripheral cardiovascular system. Peripheral blood 
pressure is generally monitored in a critical care setting 
in the hospital, so characterizing the effects of anoxic SD 
on peripheral blood pressure may have significant poten-
tial for clinical translation and potential interventions. 
Further investigation into the relationship between the 
peripheral cardiovascular system and the brain during 
anoxic SD may provide new insights into understanding 
a potentially critical role for anoxic SD in global ischemia 
and recovery [9].



S153

Author details
1 Department of Neurology, University of California, Irvine, Irvine, CA, USA. 
2 Department of Anatomy and Neurobiology, University of California, Irvine, 
Irvine, CA, USA. 3 Department of Biomedical Engineering, University of Cali-
fornia, Irvine, Irvine, CA, USA. 4 Beckman Laser Institute and Medical Clinic, 
University of California, Irvine, Irvine, CA, USA. 5 Department of Surgery, Univer-
sity of California, Irvine, Irvine, CA, USA. 6 Department of Medicine, University 
of California, Irvine, Irvine, CA, USA. 

Author contributions
AB, RW, CC, MR, SM, AO, AP, YA contributed to performing and acquiring of 
the experimental 669 data. The data was analyzed by SH, MC, RW, and YA. 
The manuscript was written by SH, YA, and RW with feedback and guidance 
from BC, BL and all listed authors. All authors contributed to the article and 
approved the submitted version.

Source of support
This study was supported by the Arnold and Mabel Beckman Foundation, 
the Roneet Carmell Memorial Endowment Fund (Dr. Akbari), the US National 
Institutes of Health (P41EB015890), the National Science Foundation Graduate 
Research Fellowship Program (DGE-1321846) (Dr. Crouzet), and the National 
Center for Research Resources and National Center for Advancing Translational 
Sciences of the National Institutes of Health through the following grants: 
TL1TR001415-01 (Dr. Wilson), R21 EB024793 (Dr. Akbari), and a Institute of Clini-
cal Translational Sciences’ Clinical Translational Sciences Award (ICTS/CTSA) 
pilot grant (Dr. Akbari) via UL1 TR001414. This content is solely the responsibil-
ity of the authors and does not necessarily represent the official views of the 
National Institutes of Health.

Conflicts of interest
None.

Ethical approval
The authors confirm adherence to ethical guidelines and have indicated ethi-
cal approvals (animal study was reviewed and approved by the University of 
California, Irvine Animal Care Committee) and use as appropriate.

Open Access
This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction 
in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the 
article’s Creative Commons licence and your intended use is not permitted 
by statutory regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of this licence, 
visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 13 July 2021   Accepted: 29 April 2022

References
	1.	 Hartings JA, Shuttleworth CW, Kirov SA, et al. The continuum of spread-

ing depolarizations in acute cortical lesion development: examining 
Leão’s legacy. J Cereb Blood Flow Metab. 2017;37(5):1571–94.

	2.	 Ayata C, Lauritzen M. Spreading depression, spreading depolarizations, 
and the cerebral vasculature. Physiol Rev. 2015;95(3):953–93.

	3.	 Chang JC, Shook LL, Biag J, et al. Biphasic direct current shift, haemo-
globin desaturation and neurovascular uncoupling in cortical spread-
ing depression. Brain. 2010;133(Pt 4):996–1012.

	4.	 Piilgaard H, Lauritzen M. Persistent increase in oxygen consumption 
and impaired neurovascular coupling after spreading depression in rat 
neocortex. J Cereb Blood Flow Metab. 2009;29(9):1517–27.

	5.	 Dohmen C, Sakowitz OW, Fabricius M, et al. Spreading depolarizations 
occur in human ischemic stroke with high incidence. Ann Neurol. 
2008;63(6):720–8.

	6.	 Hartings JA, Strong AJ, Fabricius M, et al. Spreading depolarizations 
and late secondary insults after traumatic brain injury. J Neurotrauma. 
2009;26(11):1857–66.

	7.	 Dreier JP, Woitzik J, Fabricius M, et al. Delayed ischaemic neurological 
deficits after subarachnoid haemorrhage are associated with clusters 
of spreading depolarizations. Brain. 2006;129(Pt 12):3224–37.

	8.	 Strong AJ, Anderson PJ, Watts HR, et al. Peri-infarct depolarizations lead 
to loss of perfusion in ischaemic gyrencephalic cerebral cortex. Brain. 
2007;130(Pt 4):995–1008.

	9.	 Wilson RH, Crouzet C, Lee DE, et al. Spreading depolarization and repo-
larization during cardiac arrest as an ultra-early marker of neurological 
recovery in a preclinical model. BioRxiv 2019.

	10.	 Hosseini M, Wilson RH, Crouzet C, Amirhekmat A, Wei KS, Akbari Y. 
Resuscitating the globally ischemic brain: TTM and beyond. Neuro-
therapeutics. 2020;17(2):539–62.

	11.	 Chen S-P, Ay I, Lopes de Morais A, et al. Vagus nerve stimulation inhibits 
cortical spreading depression. Pain. 2016;157(4):797–805.

	12.	 Momose-Sato Y, Sato K, Mochida H, Yazawa I, Sasaki S, Kamino K. 
Spreading depolarization waves triggered by vagal stimulation in 
the embryonic chick brain: optical evidence for intercellular com-
munication in the developing central nervous system. Neuroscience. 
2001;102(2):245–62.

	13.	 Morais A, Liu T-T, Qin T, et al. Vagus nerve stimulation inhibits cortical 
spreading depression exclusively through central mechanisms. Pain. 
2020;161(7):1661–9.

	14.	 Lindemann J, Rakers C, Matuskova H, Simon BJ, Kinfe T, Petzold GC. Vagus 
nerve stimulation reduces spreading depolarization burden and cortical 
infarct volume in a rat model of stroke. PLoS ONE. 2020;15(7): e0236444.

	15.	 Crouzet C, Wilson RH, Bazrafkan A, et al. Cerebral blood flow is decoupled 
from blood pressure and linked to EEG bursting after resuscitation from 
cardiac arrest. Biomed Opt Express. 2016;7(11):4660–73.

	16.	 Østergaard L, Dreier JP, Hadjikhani N, Jespersen SN, Dirnagl U, Dalkara 
T. Neurovascular coupling during cortical spreading depolarization and 
-depression. Stroke. 2015;46(5):1392–401.

	17.	 Leo AAP. Pial circulation and spreading depression of activity in the 
cerebral cortex. J Neurophysiol. 1944;7(6):391–6.

	18.	 Farkas E, Bari F, Obrenovitch TP. Multi-modal imaging of anoxic depolari-
zation and hemodynamic changes induced by cardiac arrest in the rat 
cerebral cortex. Neuroimage. 2010;51(2):734–42.

	19.	 Menyhárt Á, Zölei-Szénási D, Puskás T, Makra P, Bari F, Farkas E. Age or 
ischemia uncouples the blood flow response, tissue acidosis, and direct 
current potential signature of spreading depolarization in the rat brain. 
Am J Physiol Heart Circ Physiol. 2017;313(2):H328–37.

	20.	 Takano T, Tian G-F, Peng W, et al. Cortical spreading depression causes 
and coincides with tissue hypoxia. Nat Neurosci. 2007;10(6):754–62.

	21.	 Sukhotinsky I, Dilekoz E, Moskowitz MA, Ayata C. Hypoxia and hypoten-
sion transform the blood flow response to cortical spreading depression 
from hyperemia into hypoperfusion in the rat. J Cereb Blood Flow Metab. 
2008;28(7):1369–76.

	22.	 Richter F, Bauer R, Lehmenkühler A, Schaible H-G. The relation-
ship between sudden severe hypoxia and ischemia-associated 
spreading depolarization in adult rat brainstem in vivo. Exp Neurol. 
2010;224(1):146–54.

	23.	 Hartings JA, Andaluz N, Bullock MR, et al. Prognostic value of spreading 
depolarizations in patients with severe traumatic brain injury. JAMA 
Neurol. 2020;77(4):489–99.

	24.	 Lee DE, Lee LG, Siu D, et al. Neural correlates of consciousness at near-
electrocerebral silence in an asphyxial cardiac arrest model. Brain Con-
nect. 2017;7(3):172–81.

	25.	 Dreier JP, Major S, Foreman B, et al. Terminal spreading depolarization 
and electrical silence in death of human cerebral cortex. Ann Neurol. 
2018;83(2):295–310.

	26.	 Azadian M, Tian G, Bazrafkan A, et al. Overnight caloric restriction prior to 
cardiac arrest and resuscitation leads to improved survival and neurologi-
cal outcome in a rodent model. Front Neurosci. 2020;14: 609670.

http://creativecommons.org/licenses/by/4.0/


S154

	27.	 Wilson RH, Crouzet C, Torabzadeh M, et al. High-speed quantitative opti-
cal imaging of absolute metabolism in the rat cortex. Neurophotonics. 
2021;8(2): 025001.

	28.	 Wilson RH, Crouzet C, Torabzadeh M, et al. High-speed spatial frequency 
domain imaging of rat cortex detects dynamic optical and physiological 
properties following cardiac arrest and resuscitation. Neurophotonics. 
2017;4(4): 045008.

	29.	 Yli-Hankala A, Edmonds HL, Jiang YD, Higham HE, Zhang PY. Outcome 
effects of different protective hypothermia levels during cardiac arrest in 
rats. Acta Anaesthesiol Scand. 1997;41(4):511–5.

	30.	 Kang Y-J, Tian G, Bazrafkan A, et al. Recovery from coma post-
cardiac arrest is dependent on the orexin pathway. J Neurotrauma. 
2017;34(19):2823–32.

	31.	 Koenig MA, Jia X, Kang X, Velasquez A, Thakor NV, Geocadin RG. Intra-
ventricular orexin-A improves arousal and early EEG entropy in rats after 
cardiac arrest. Brain Res. 2009;1255:153–61.

	32.	 Li C, Narayan RK, Wu P-M, et al. Evaluation of microelectrode materials for 
direct-current electrocorticography. J Neural Eng. 2016;13(1): 016008.

	33.	 Kim B, Park I, Lee JH, Kim S, Lee MJ, Jo YH. Effect of electrical vagus 
nerve stimulation on cerebral blood flow and neurological outcome in 
asphyxial cardiac arrest model of rats. Neurocrit Care. 2019;30(3):572–80.

	34.	 Crouzet C, Nguyen JQ, Ponticorvo A, Bernal NP, Durkin AJ, Choi B. Acute 
discrimination between superficial-partial and deep-partial thick-
ness burns in a preclinical model with laser speckle imaging. Burns. 
2015;41(5):1058–63.

	35.	 Dunn AK, Bolay H, Moskowitz MA, Boas DA. Dynamic imaging of 
cerebral blood flow using laser speckle. J Cereb Blood Flow Metab. 
2001;21(3):195–201.

	36.	 Wang Q, Miao P, Modi HR, Garikapati S, Koehler RC, Thakor NV. Thera-
peutic hypothermia promotes cerebral blood flow recovery and brain 
homeostasis after resuscitation from cardiac arrest in a rat model. J Cereb 
Blood Flow Metab. 2019;39(10):1961–73.

	37.	 Cuccia DJ, Bevilacqua F, Durkin AJ, Ayers FR, Tromberg BJ. Quantitation 
and mapping of tissue optical properties using modulated imaging. J 
Biomed Opt. 2009;14(2): 024012.

	38.	 Mazhar A, Cuccia DJ, Rice TB, et al. Laser speckle imaging in the spatial 
frequency domain. Biomed Opt Express. 2011;2(6):1553–63.

	39.	 Dreier JP, Lemale CL, Kola V, Friedman A, Schoknecht K. Spreading 
depolarization is not an epiphenomenon but the principal mechanism of 
the cytotoxic edema in various gray matter structures of the brain during 
stroke. Neuropharmacology. 2018;134(Pt B):189–207.

	40.	 Dunn AK, Devor A, Dale AM, Boas DA. Spatial extent of oxygen metabo-
lism and hemodynamic changes during functional activation of the rat 
somatosensory cortex. Neuroimage. 2005;27(2):279–90.

	41.	 Wilson RH, Crouzet C, Torabzadeh M, et al. Cerebral perfusion and 
metabolism coupling during a critical time window provides rapid 
assessment of cardiac arrest severity and prognosis in a preclinical model. 
BioRxiv. 2019.

	42.	 Dunn AK, Devor A, Bolay H, et al. Simultaneous imaging of total cerebral 
hemoglobin concentration, oxygenation, and blood flow during func-
tional activation. Opt Lett. 2003;28(1):28–30.

	43.	 Crouzet C, Wilson RH, Lee D, et al. Dissociation of cerebral blood flow and 
femoral artery blood pressure pulsatility after cardiac arrest and resuscita-
tion in a rodent model: implications for neurological recovery. J Am Heart 
Assoc. 2020;9(1): e012691.

	44.	 Clark LR, Nation DA, Wierenga CE, et al. Elevated cerebrovascular resist-
ance index is associated with cognitive dysfunction in the very-old. 
Alzheimers Res Ther. 2015;7(1):3.

	45.	 Yew B, Nation DA. Alzheimer’s disease neuroimaging initiative. Cerebro-
vascular resistance: effects on cognitive decline, cortical atrophy, and 
progression to dementia. Brain. 2017;140(7):1987–2001.

	46.	 Robertson AD, Tessmer CF, Hughson RL. Association between arterial 
stiffness and cerebrovascular resistance in the elderly. J Hum Hypertens. 
2010;24(3):190–6.

	47.	 Khan S, Milot M, Lecompte-Collin J, Plamondon H. Time-dependent 
changes in CRH concentrations and release in discrete brain regions 
following global ischemia: effects of MK-801 pretreatment. Brain Res. 
2004;1016(1):48–57.

	48.	 Global brain ischemia in Mongolian gerbils: assessing the level of anas-
tomosis in the cerebral circle of Willis-PubMed [Internet]. [cited 2021 May 
6]; Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​23377​268/.

	49.	 Liu S, Dai Q, Hua R, et al. Determination of brain-regional blood perfusion 
and endogenous cPKCγ impact on ischemic vulnerability of mice with 
global ischemia. Neurochem Res. 2017;42(10):2814–25.

	50.	 Human Cardiovascular Control-Loring B. Rowell, Professor of Physiology 
and Biophysics Loring B Rowell - Google Books [Internet]. [cited 2021 
May 6];Available from: https://​books.​google.​com/​books?​hl=​en&​lr=​&​
id=​EWSLd​mqFx-​8C&​oi=​fnd&​pg=​PA3&​dq=​Rowell+​LB.+​Human+​Cardi​
ovasc​ular+​Contr​ol.+​New+​York,+​NY:+​Oxford+​Unive​rsity+​Press%​3B+​
1993:​268.​&​ots=​gcXRz​42CrJ​&​sig=​6NZyc​xBqRs​WPCNG​MNxx8​pQ4Fp​
Mw#v=​onepa​ge&​q&f=​false.

	51.	 Brett SE, Ritter JM, Chowienczyk PJ. Diastolic blood pressure changes 
during exercise positively correlate with serum cholesterol and insulin 
resistance. Circulation. 2000;101(6):611–5.

	52.	 Zaza A, Rosen M. An introduction to cardiac electrophysiology. CRC Press; 
2000.

	53.	 Windmüller O, Lindauer U, Foddis M, et al. Ion changes in spreading 
ischaemia induce rat middle cerebral artery constriction in the absence 
of NO. Brain. 2005;128(Pt 9):2042–51.

https://pubmed.ncbi.nlm.nih.gov/23377268/.
https://books.google.com/books?hl=en&lr=&id=EWSLdmqFx-8C&oi=fnd&pg=PA3&dq=Rowell+LB.+Human+Cardiovascular+Control.+New+York,+NY:+Oxford+University+Press%3B+1993:268.&ots=gcXRz42CrJ&sig=6NZycxBqRsWPCNGMNxx8pQ4FpMw#v=onepage&q&f=false.
https://books.google.com/books?hl=en&lr=&id=EWSLdmqFx-8C&oi=fnd&pg=PA3&dq=Rowell+LB.+Human+Cardiovascular+Control.+New+York,+NY:+Oxford+University+Press%3B+1993:268.&ots=gcXRz42CrJ&sig=6NZycxBqRsWPCNGMNxx8pQ4FpMw#v=onepage&q&f=false.
https://books.google.com/books?hl=en&lr=&id=EWSLdmqFx-8C&oi=fnd&pg=PA3&dq=Rowell+LB.+Human+Cardiovascular+Control.+New+York,+NY:+Oxford+University+Press%3B+1993:268.&ots=gcXRz42CrJ&sig=6NZycxBqRsWPCNGMNxx8pQ4FpMw#v=onepage&q&f=false.
https://books.google.com/books?hl=en&lr=&id=EWSLdmqFx-8C&oi=fnd&pg=PA3&dq=Rowell+LB.+Human+Cardiovascular+Control.+New+York,+NY:+Oxford+University+Press%3B+1993:268.&ots=gcXRz42CrJ&sig=6NZycxBqRsWPCNGMNxx8pQ4FpMw#v=onepage&q&f=false.
https://books.google.com/books?hl=en&lr=&id=EWSLdmqFx-8C&oi=fnd&pg=PA3&dq=Rowell+LB.+Human+Cardiovascular+Control.+New+York,+NY:+Oxford+University+Press%3B+1993:268.&ots=gcXRz42CrJ&sig=6NZycxBqRsWPCNGMNxx8pQ4FpMw#v=onepage&q&f=false.

	Cortical Anoxic Spreading Depolarization During Cardiac Arrest is Associated with Remote Effects on Peripheral Blood Pressure and Postresuscitation Neurological Outcome
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Preclinical Rodent Model of Asphyxial Cardiac Arrest: Surgical Preparation
	Preclinical Rodent Model of Asphyxial Cardiac Arrest: Cardiac Arrest
	Preclinical Rodent Model of Asphyxial Cardiac Arrest: Postresuscitation Assessment
	Experimental Groups
	Data Acquisition and Post Processing
	Burst Suppression Ratio
	Time to Burst
	Arterial Blood Pressure and Arterial Blood Gas
	DC-ECoG
	Optical Imaging
	Data Analysis
	Laser Speckle Imaging Data: Relative CBF
	Spatial Frequency Domain Imaging Data: Tissue Scattering and Oxygenation
	Laser Speckle Imaging + Spatial Frequency Domain Imaging Data: CMRO2
	Cerebrovascular Resistance Data
	Multimodal Parameter Set
	Statistical Models and Tests


	Results
	Detection of Anoxic SD During Asphyxial Cardiac Arrest with DC Electrodes
	Diastolic Blood Pressure Drop Accelerates During ∆SD1-2 Period
	Peripheral Blood Pressure is Transiently Decoupled from Heart Rate During SD
	Shorter ∆SD1-2 Period and Faster Drop in MAP are Associated with Better Neurological Outcome Post Cardiac Arrest
	Magnitude of SD-Dependent Changes in Tissue Scattering Associated with Subsequent Changes in CVR
	Significant Transient Rise of CVR Coincides with Perturbation in Cerebral Flow–Metabolism Coupling During SD
	After SD, the Drop in Peripheral Blood Pressure is Decoupled from Cerebral Perfusion and Metabolism

	Discussion
	Cortical Anoxic SD Transiently Decouples Peripheral Blood Pressure from Heart Rate
	Shorter ∆SD1-2 Duration and Faster Drop in Peripheral Perfusion During the ∆SD1-2 Period is Associated with Better Outcome 24 Hours Post Cardiac Arrest
	Magnitude of Anoxic SD is Associated with Subsequent Changes in CVR and Transient Decoupling of CBF and Metabolism During Anoxic SD
	Anoxic SD is Associated with Decoupling of Peripheral Blood Pressure from CBF and Brain Metabolism

	Limitations
	Conclusions
	References




