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Abstract

This prospective observational single-center cohort study aimed to determine an association between cerebrovascular
autoregulation (CVAR) and outcomes in hypoxic-ischemic brain injury post-cardiac arrest (CA), and assessed 100
consecutive post-CA patients in Japan between June 2017 and May 2020 who experienced a return of spontaneous
circulation. Continuous monitoring was performed for 96 h to determine CVAR presence. A moving Pearson correla-
tion coefficient was calculated from the mean arterial pressure and cerebral regional oxygen saturation. The association
between CVAR and outcomes was evaluated using the Cox proportional hazard model; non-CVAR time percent was the
time-dependent, age-adjusted covariate. The non-linear effect of target temperature management (TTM) was assessed
using a restricted cubic spline. Of the 100 participants, CVAR was detected using the cerebral performance category
(CPC) in all patients with a good neurological outcome (CPC 1-2) and in 65 patients (88%) with a poor outcome (CPC
3-5). Survival probability decreased significantly with increasing non-CVAR time percent. The TTM versus the non-TTM
group had a significantly lower probability of a poor neurological outcome at 6 months with a non-CVAR time of
18%—-37% (p <0.05). Longer non-CVAR time may be associated with significantly increased mortality in hypoxic-
ischemic brain injury post-CA.
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Introduction 'Department of Traumatology and Acute Critical Medicine, Osaka

Out-of-hospital cardiac arrest (CA) occurs in approxi-  University Graduate School of Medicine, Osaka, Japan

mately 80—100 patients per 100,000 persons/year world-
wide.!? Despite advances in resuscitation science,
many patients are likely to experience poor neurologi-
cal outcomes after CA.*> Amelioration of neurological
outcomes is an important research theme. Hypoxic-
ischemic brain injury (HIBI) begins with CA, which
results in an interruption of cerebral blood flow, neu-
ronal ischemia, and cell death (termed primary brain
injury). Subsequently, reperfusion injury, microcircula-
tory disturbances, and neuronal death can occur as
a secondary brain injury within hours to days after
the return of spontaneous circulation (ROSC).®
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Secondary brain injury is thought to occur due to
reperfusion, microcirculatory dysfunction, impaired
cerebrovascular autoregulation (CVAR), anemia, hyp-
oxemia, hyperoxia, hyperthermia, and fluctuations in
arterial carbon dioxide.” ' Cerebral regional oxygen
saturation (crSO») is a near-infrared light-based index
of the oxygen supply and demand balance in the brain,
which may be useful for neurological management fol-
lowing CA.'"%" However, crSO, values are affected by
impaired CVAR (when observed) and constant optimal
levels of mean arterial pressure (MAP) in post-CA
patients.'® Thus, clinical interpretation of crSO,
values at a certain time is difficult in the setting of
dynamically changing hemodynamics after ROSC and
the use of crSO, values in clinical practice in neuro-
intensive care is limited.

Regarding a reliable method for crSO, interpreta-
tion and evaluation of blood pressure variations, a pre-
viously described approach is to evaluate CVAR and
appropriately control blood pressure by determining
the correlation coefficient (COx) between MAP per
unit time and crSO,.'*'® The analysis of crSO, changes
based on considering hemodynamic variables—rather
than the conventional interpretation of crSO, alone—
provides a clinical index for the assessment of CVAR
and appropriate blood pressure. In addition, this eval-
uation may lead to a reliable determination of treat-
ment effects, prognosis, and individualized treatments
by establishing a new target population. Several studies
have reported impaired CVAR post-CA®'? and some
studies have assessed the association between CVAR
and neurological outcome in HIBL'®?* The sample
size in these studies was small and further validation
is required.

Our study hypothesis was that a relationship exists
between CVAR post-CA and outcomes in HIBI. The
study also assessed the effect of therapeutic interven-
tions on neurological outcome caused by the difference
of CVAR.

Materials and methods

Study population

This prospective, observational, cohort study was con-
ducted in Japan in northern Osaka at a single-center
affiliated with the Osaka University Graduate School
of Medicine. The trauma and acute critical care center
is a restricted mixed medical/surgical unit with 20 beds.
Multidisciplinary resuscitation treatments, including
extracorporeal cardiopulmonary resuscitation, are
available at this center. The center receives about 100
patients with out-of-hospital CA each year. Patient
data were collected from June 2017 to May 2020.

The study enrolled consecutive adult patients (age
>18 years) who were brought to the center with CA
and who subsequently achieved ROSC. The exclusion
criteria were: (i) sustained ROSC achieved but expec-
tation of death within a few hours due to difficulty
maintaining circulation (death within 2 h after ROSC,
due to the difficulty in determining the presence or
absence of CVAR); (ii) confirmation of occupied intra-
cranial lesions by diagnostic imaging; (iii) a history of
severe traumatic brain injury, intracranial hemorrhage,
or stroke; (iv) confirmation of refusal to continue
life-supporting treatment; and (v) significant missing
patient data.

Study protocol

Immediately on arrival, near-infrared spectroscopy
pads (TOS-OR, TOSTEC, Tokyo, Japan) were affixed
to the patient’s forehead bilaterally. An arterial line
was inserted for invasive blood pressure measurement,
and crSO, and MAP were continuously monitored for
up to 96 h after ROSC. Blood tests, electrocardiogra-
phy, ultrasonography, and whole-body computed
tomography were performed on all patients after
ROSC to investigate the cause of CA. If coronary
lesions were the suspected cause of CA, coronary angi-
ography was performed with subsequent percutancous
coronary intervention, if necessary. As a rule, extracor-
poreal cardiopulmonary resuscitation was performed
in patients with shockable rhythm detected prehospital,
or as initial care and in cases of refractory arrhythmia. In
other cases, extracorporeal cardiopulmonary resuscita-
tion was performed if clinicians determined this approach
to be effective. Successfully resuscitated patients were
considered to have HIBI; consequently, they were admit-
ted to a center for subsequent intensive care.

Regarding adjustments to respiratory parameters,
we followed post-cardiac arrest care guidelines.?'*
FiO, was set to maintain patients’ SpO, within a
range of 92%-98%. Ventilator settings were adjusted
to maintain a PaCO, between 35-45 mmHg. For blood
pressure management, we ensured that the mean arte-
rial pressure was maintained at >65 mmHg, or systolic
blood pressure at >90 mmHg. Appropriate fluid ther-
apy and catecholamine administration were imple-
mented as required.

In the target temperature management (TTM) pro-
tocol, the criterion for indication was the presence of a
shockable rhythm during prehospital transit or during
initial care after hospital arrival. In addition, patients
with coma after ROSC were eligible for TTM. During
TTM, sedatives were administered, and the target body
temperature was constant (34°C for 24 h), followed by
temperature recovery to 36°C over the next 48 h. The
temperature setting in the circuit was adjusted in
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patients with extracorporeal membrane oxygenation; in
other patients, TTM was performed using an intravas-
cular cooling catheter. Finally, normothermia at 36°C
was used as a rule for post-CA management in patients
with non-shockable rhythm or unstable circulation.

For anesthetic administration, propofol and mida-
zolam were used as sedatives and fentanyl as an anal-
gesic. Sedatives were administered when implementing
TTM when the patient had strong body movement or
anxiety. Intensive care management was performed
with a policy of providing sufficient analgesia and
administering sedatives as needed.

Variables

All-cause in-hospital death was identified as the prima-
ry outcome measure. A reliable assessment of neuro-
logical outcome was obtained by cerebral performance
category (CPC)**?* at 6 months. In this study, CPC 1
or 2 was defined as a good neurological outcome and
CPC 3-5 as a poor neurological outcome. A patient
information document with baseline characteristics,
treatment, and prognosis was created for this study.
In the case of unwitnessed CA, the duration of CA
was calculated from the time of emergency medical ser-
vice staff contact to ROSC.

Analog arterial blood pressure signals were observed
using a hemodynamic monitor; data processing was
performed with a DT9800 data acquisition module
(Data Translation, Marlboro, MA, USA). The signals
were filtered as non-overlapping 15-s average values
that were time-integrated. This procedure allowed the
research team to obtain a moving average filter with a
15s time window and resampling at 0.067 Hz, with the
removal of high-frequency noise caused by respiration
and pulse waveforms (detection of oscillations and
transients with a frequency <0.13 Hz was allowed).?
A moving Pearson correlation coefficient between
MAP modifications and crSO, was obtained, and the
variable COx values approaching 0 highlighted func-
tional autoregulation (i.e., crSO, and MAP were not
correlated), whereas impaired autoregulation was evi-
dent in COx values close to 1. The MAP and mean
crSO, values were determined in a 15-s window and
collected as 20 data points. The correlation coefficient
was calculated in a 300-s window to monitor COx
values. The mean of the right side and left side crSO,
was used as the crSO, value for each patient, and
the COx value was obtained with a correlation
analysis using ICM software (Cambridge Enterprise,
Cambridge, United Kingdom). Both crSO, and MAP
were monitored continuously for a maximum of 96h
after ROSC, and the presence or absence of CVAR
was determined in the time window every 12h
(96/12h =8 periods). The presence or absence of

CVAR was evaluated using a Cox value of 0.3 as a
threshold.'® The presence of CVAR was defined pre-
served if the COx value was <0.3 for more than half
of each period.

Statistical analysis

Statistical data for the patient demographic factors were
expressed as number, percentage, and median with inter-
quartile range (IQR), when appropriate. The Mann—
Whitney U test was used to compare continuous data,
whereas the Pearson’s chi-square test was performed for
categorical data. In the subgroups, according to CVAR
status, basic characteristics were evaluated in the first
period up to 12h after ROSC to evaluate the bias of
factors that could affect CVAR. In the heatmap repre-
sentation, CVAR was depicted for each time period as
present, absent, missing, or death; MAP (average over
12 hours) was depicted as >60mmHg, <60 mmHg,
missing, or death. Patients were sorted according to
their CPC at 6 months when constructing the heatmap.
The association between non-CVAR and mortality was
evaluated using the Cox proportional hazard (PH)
model in which a variable indicating CVAR or non-
CVAR was treated as a time-dependent covariate and
patient age as a time-fixed covariate. A 12-h unit was
used for the variable to indicate time after ROSC. For
each 12-h time interval, the time-dependent presence of
CVAR was defined when COx was obtained for more
than 2 h. The analysis ignored any CVAR that was con-
sidered missing. Hazard ratios (HRs) obtained from the
Cox regression analysis together with a 95% confidence
interval (CI) are presented. Age-adjusted survival curves
were depicted based on Cox PH regression.
Additionally, a sensitivity analysis was performed by
excluding CVAR data for cases with a MAP
<60mmHg and performing a survival analysis.

As a secondary analysis, the duration of non-CVAR
was defined as a proportion of time within 96 h during
which COx was greater than 0.3. Logistic regression
was used to evaluate whether the effect on poor neuro-
logical outcome of the duration of non-CVAR was
modified by the presence or absence of TTM (defined
as a binary variable of the 6-month CPC greater than 2),
with adjustment for age using a cross-product term
between the two variables. The non-linear effect of the
non-CVAR time percent was estimated using a restrict-
ed cubic spline in the logistic regression.

A two-tailed p-value less than 0.05 was considered
significant for all statistical inferences. All analyses
were performed using R software version 4.0.2. This
study followed the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE)
guidelines®® and the principles of the Declaration of
Helsinki. Formal approval for the study was obtained
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from the Institutional Review Board of Osaka
University Hospital (approval number: 17207). Given
that the population of this study were patients with
CA, consent for participation was obtained from
their families, and when the patients’ awareness
improved, the patients themselves were informed and
consented to participate in the study.

Results

Patient characteristics

A total of 100 patients participated (Figure 1). Their
demographic features are presented in Supplemental
Table 1. The median age of all patients was 72.0
years (IQR 58.8-81.0) and 36 participants were
women. The median monitoring time of c¢rSO, was
72.0h (IQR 23.5-90.0). Of all 100 participants, 73
with CA had witnesses, bystander cardiopulmonary
resuscitation was performed in 64, and shockable
rhythm was detected in 41. The median duration of
CA was 33.5minutes (IQR 17.048.0). The median
crSO, at hospital arrival was 48.9% (IQR: 43.2%—
59.2%). With regard to treatments, TTM was per-
formed in 27 patients, percutaneous coronary angio-
plasty in 16, and extracorporeal cardiopulmonary
resuscitation in 24. Of the 100 patients, 24 had a
good neurological outcome and 76 had a poor neuro-
logical outcome. Additionally, patient characteristics
up to 12h after ROSC are presented in Supplemental
Table 2. CVAR was detectable in 73 patients from
ROSC to the first 12h, with 18 patients having no
CVAR and 9 patients having missing data. The
CVAR detection group had a significantly higher
MAP, milder lactic acidosis, less frequent use of vaso-
pressors, and more frequent use of sedative drugs. No
significant differences were identified for age, sex, car-
diac arrest time, crSO,, body temperature, PaCO,,
Pa0,, bicarbonate, hemoglobin, TTM, or ECPR.

Trend of CVAR and MAP after ROSC

The trend of CVAR and MAP in each patient over
time is shown in Figure 2. In all patients with a good
neurological outcome within 96 h after ROSC, CVAR
was detected. In contrast, CVAR was detected in
67 (88%) patients with a poor neurological outcome.
Discharge due to death occurred in nine patients with
undetected CVAR. A total of 36 patients had a period
with undetectable CVAR after CA, and 4 patients had
non-CVAR periods despite maintaining blood pressure
at some time (patients 2, 4, 15, and 18), including those
with good neurological outcomes. In some cases,
CVAR appeared and disappeared repeatedly. The con-
dition of CVAR changed over time in several patients.

Survival analysis with non-CVAR time as a
time-dependent covariate

Non-CVAR time was significantly associated with mor-
tality (crude HR 4.01; 95% CI, 1.84-8.73; p<0.001;
adjusted HR 4.02; 95% CI, 1.82-8.85; p<0.001).
Figure 3 shows survival curves after ROSC by CVAR
status. The survival probability significantly decreased
as the exposure time of non-CVAR increased. In a sen-
sitivity analysis excluding hypotensive CVAR data, non-
CVAR time was significantly associated with mortality
(crude HR 8.89; 95% ClI, 2.53-31.2; p < 0.001; adjusted
HR 8.81; 95% CI, 2.41-32.3; p=0.001, Supplemental
Figure 1).

Evaluation of interaction effect of TTM

The interaction between the intervention (TTM or non-
TTM) and the non-CVAR time percent was evaluated.
The results showed that the interaction with non-CVAR
time was not statistically significant (p =0.820). In addi-
tion, the predicted probability of poor neurological out-
come was significantly lower in the TTM group than in
the non-TTM group at non-CVAR time percentages

111 ROSC patients (2017.6~2020.5) |

11 patients excluded for the following reasons:
death within 12h after ROSC
refusal to continue life-supporting treatment n=5
significant missing information

n=4

n=2

100 patients - Final study cohort

Figure |. Patient flow diagram.
ROSC: return of spontaneous circulation.
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brovascular autoregulation (CVAR) every 12 h is indicated by color-coding. The light blue color indicates when CVAR was detected,
red indicates when no CVAR was detected, and white indicates missing data. Finally, black means death. Patients were classified and
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Figure 4. Association between non-cerebrovascular autoregulation time and in-hospital mortality. Regression line for each treat-
ment group was defined by using a restricted cubic spline model with an interaction term between target temperature management
(TTM) and non-CVAR time. Spline curves adjusted by age are shown (median age, 72 years). The lines and thin areas indicate the
survival probability and 95% confidence intervals, respectively. The solid blue and dotted red lines represent patients in the TTM and

non-TTM groups, respectively..

of 18%—37%. Otherwise, there was no statistically sig-
nificant difference (Figure 4).

Discussion

This study assessed CVAR after ROSC using the Cox
PH model and examined its impact on outcomes.
Analysis showed that mortality increased with increas-
ing non-CVAR time after ROSC. In addition, the neu-
rological outcome at 6 months could worsen with
increasing non-CVAR time within 96h after ROSC.
Moreover, there may be no significant difference on
the impact on in-hospital mortality between the TTM
and non-TTM groups for cases in which the non-
CVAR time percentage was exceeded by 37% after
ROSC. These findings can be incorporated into the
early management of post-CA patients to help predict
outcomes. Moreover, these results can be useful for
creating a new index for post-CA management based
on cerebral circulation.

The prediction of neurological outcomes using
crSO, has been attempted with averaged crSO, values
at a certain time point or period.?’” ?’ In the present
study, the change in crSO, for MAP was interpreted
using a moving correlation coefficient, which allowed
the research team to use all monitored crSO, data and
consider the effect of blood pressure. Thus, this study is
novel in that it is the largest to capture these time series
data comprehensively and to examine the relationship
between CVAR and outcomes after resuscitation in
post-CA patients. Furthermore, in this study, the

effect of TTM became smaller as the exposure time
of non-CVAR increased as shown in the non-linear
analysis. A significant difference was observed in neu-
rological outcome between non-TTM and TTM groups
when non-CVAR time percentages were between 18%
and 37%. To the best of our knowledge, no report has
evaluated the effectiveness of TTM based on the pres-
ence or absence of CVAR. These results can help clini-
cians make treatment choices because findings are
based on data in the post-CA ecarly phase. These
choices are often difficult to determine in post-CA
patients in clinical practice and our findings can help
clinicians avoid unnecessary withholding of treatment.

In this study, four patients with a good neurological
outcome were found to have a phase when CVAR was
not observed. This fact may be a reversible and tran-
sient CVAR disorder because blood pressure was main-
tained appropriately during that time. Consequently,
several patients in the poor neurological outcome
group did not have CVAR several hours before
death. It may be assumed that these patients could
not maintain circulation and had blood pressure
below CVAR. The time course of CVAR after ROSC
is unknown. Stroke research reports that impaired
CVAR occurs during the acute phase of ischemia,
whereas CVAR improves with time through the sub-
acute phase.” Resuscitation research reports that
CVAR improves over time in patients with improved
consciousness.’® This study suggests that non-CVAR
causes two types of change: reversible change (such as
“stunning”) and irreversible change (impairment).
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If future research can clearly distinguish between these
two types of change, then earlier therapeutic interven-
tion will be possible.

In HIBI, MAP and crSO, have been reported to
vary among patients,’! suggesting that the optimal
MAP for cerebral perfusion varies among patients
and that MAP and crSO, alone may be insufficient
to assess cerebral oxygenation. The evaluation of
CVAR using the Cox PH model may be a better
index for assessing cerebral circulation post-CA
because it considers two factors, MAP and crSO,,
and it can also be monitored non-invasively and con-
tinuously. Sundgreen et al reported that CVAR was
absent or shifted to the right side in most patients in
the acute phase after CA.’ In our study, 36% of the
patients had a phase with undetectable CVAR after CA,
which was similar to that found in previous studies.'®
The absence of CVAR in this study may indicate that
the blood pressure was outside the optimal MAP range
or that CVAR ability was lost. In either case, this
absence reflects an inability to maintain optimal cerebral
perfusion. Therefore, it makes sense that the higher the
temporal exposure to undetectable CVAR, the poorer
the neurological outcome, from a pathophysiological
perspective. In line with the results of the current
study, undetectable CVAR has been shown to correlate
with unfavorable outcomes after traumatic brain
damage®” and subarachnoid hemorrhage.*

In considering neurological outcome after ROSC,
subgrouping based on the assessment of CVAR or
non-CVAR may be reasonable in that it is based on
cerebral circulation rather than solely on clinical infor-
mation such as duration of CA or initial waveform.
New subgrouping can contribute to the identification
of latent target populations with potential efficacy for
TTM. If CVAR can be assessed in a shorter period and
earlier phases, CVAR assessment may be helpful when
considering indications for TTM. This study suggests
that as non-CVAR time increases, mortality may
increase, and the effect of TTM may decrease. Future
studies must verify the clinical efficacy of aggressive
management within ideal blood pressure ranges to
reduce secondary disability and improve outcomes
after CA.

This study has several limitations. First, this inves-
tigation is designed as observational research, and
some limitations are generally inherent in this type of
study. Because of methodological limitations in obser-
vational studies that may generate bias and confound-
ers, inferences of causality are not reliable. Second, due
to differences in patient characteristics and clinical pro-
tocols, the results of this study may not be completely
generalizable to other medical practices. Third, factors
such as underlying diseases and age may have led to the
decline in cerebrovascular autoregulation function in

some patients before cardiac arrest. However, this
study targeted patients admitted after out-of-hospital
cardiac arrest, and it was impossible to confirm the
state of cerebrovascular autoregulation before cardiac
arrest. Fourth, the study did not account for the poten-
tial influence of TTM and CO, on cerebral circulation.
Regarding CVAR during hypothermia therapy, differ-
ent results have been reported in several studies, and
there is no consensus. Some studies have reported that
CVAR does not change during hypothermia therapy
because changes in PaCO, during therapy trigger
a response that maintains cerebral perfusion.'™
Conversely, other studies have reported that hypother-
mia therapy affects cerebral circulation.* Therefore,
hypothermia therapy and PaCO, may have influenced
the study results. Fifth, the COx variable was calculat-
ed in a 300-s window, and the presence of CVAR was
assessed at 12-h intervals; therefore, results would
differ if the time window for COx or CVAR assessment
is changed or redefined.

Sixth, due to the lack of evaluation of factors such as
cerebral metabolic rate, the interpretation of the results
of this study could potentially change if real-time mon-
itoring that takes these factors into account becomes
possible in the future. Finally, this study determines the
presence or absence of CVAR based solely on COx.
Although there is no established gold standard for eval-
uating the presence or absence of CVAR, it is desirable
to assess it using multiple modalities. If the cases in this
study were analyzed using different evaluation meth-
ods, the results might differ from our conclusions.

Conclusions

In HIBI, we found that mortality increased significant-
ly with longer non-CVAR time within 96h after
ROSC. The results obtained from this study may be
helpful for the creation of a new index for post-CA
management based on cerebral circulation. This line
of research would be promising because of the long-
term advantages for patients who experience CA and
consequent events.
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