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Abstract

Background: Cardiac surgery studies have established the clinical relevance of personalised arterial blood pressure
management based on cerebral autoregulation. However, variabilities exist in autoregulation evaluation. We compared
the association of several cerebral autoregulation metrics, calculated using different methods, with outcomes after
cardiac surgery.

Methods: Autoregulation was measured during cardiac surgery in 240 patients. Mean flow index and cerebral oximetry
index were calculated as Pearson’s correlations between mean arterial pressure (MAP) and transcranial Doppler blood
flow velocity or near-infrared spectroscopy signals. The lower limit of autoregulation and optimal mean arterial pressure
were identified using mean flow index and cerebral oximetry index. Regression models were used to examine associa-
tions of area under curve and duration of mean arterial pressure below thresholds with stroke, acute kidney injury (AKI),
and major morbidity and mortality.

Results: Both mean flow index and cerebral oximetry index identified the cerebral lower limit of autoregulation below
which MAP was associated with a higher incidence of AKI and major morbidity and mortality. Based on magnitude and
significance of the estimates in adjusted models, the area under curve of MAP < lower limit of autoregulation had the
strongest association with AKI and major morbidity and mortality. The odds ratio for area under the curve of MAP <
lower limit of autoregulation was 1.05 (95% confidence interval, 1.01—1.09), meaning every 1 mm Hg h increase of area
under the curve was associated with an average increase in the odds of AKI by 5%.

Conclusions: For cardiac surgery patients, area under curve of MAP < lower limit of autoregulation using mean flow index
or cerebral oximetry index had the strongest association with AKI and major morbidity and mortality. Trials are
necessary to evaluate this target for MAP management.
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Editor’s key points

e This study addresses a fundamental precision med-
icine opportunity for perioperative management: for
every patient there is an optimal mean arterial
pressure autoregulatory range for perfusion of vital
organs that can differ substantially among people.

e The investigators sought to establish, in patients
undergoing cardiac surgery, whether the extent and
duration below the optimal mean arterial pressure
range, derived from measures of cerebral oxygena-
tion or blood flow, were associated with major
adverse postoperative outcomes.

Patients who had longer and more extensive intra-

operative dips below the lower limit of autor-

egulation of their optimal mean arterial pressure
range were more likely to suffer major postoperative
organ injury.

e The ability to impact outcomes through imple-
mentation of these physiological insights will require
a thoughtful trial, for example comparing precision
mean arterial pressure thresholds with a generic
mean arterial threshold.

Cerebral autoregulation is a protective mechanism that exists
in the brain’s vasculature, to maintain stable cerebral blood
flow to support oxidative metabolism. A variety of indices
have been developed for autoregulation assessment.’’ Prior
studies in cardiac surgery have established the clinical rele-
vance of personalised arterial blood pressure management
based on metrics of autoregulation.® ' However, the
methods used to assess autoregulation and potential hypo-
perfusion are not uniform, with important sources of vari-
ability including:

(1) Different indices of cerebral autoregulation (e.g. trans-
cranial Doppler-based mean flow index vs near-infrared
spectroscopy-based cerebral oximetry index).

(2) Different autoregulation metrics used to identify mean
arterial blood pressure (MAP) thresholds, for example
optimal MAP'>'? ys lower limit of autoregulation (LLA).>
Optimal MAP is defined as the MAP at which optimal
autoregulation occurs’; and the LLA is defined as the
critical MAP value below which cerebral blood flow de-
creases monotonically with decreases in MAP.®

(3) Different parameters to quantify potential hypoperfusion:
the duration of low MAP vs the area under curve (AUC) of
low MAP calculated as the product of magnitude and
duration of MAP below a certain target.’’ As an extension
to this latter point, although most prior studies report the
AUC of MAP below a certain target,®'! it is unclear
whether duration and magnitude of MAP below a threshold
should be considered equivalent.

These questions are highly clinically relevant. First, both
transcranial Doppler-based mean flow index and near-
infrared spectroscopy-based cerebral oximetry index can be
used to estimate cerebral autoregulation. However, trans-
cranial Doppler is difficult to use in clinical practice owing to
the difficulty in finding and maintaining quality monitoring
from temporal windows.''® Near-infrared spectroscopy-
based indices of autoregulation may be preferable for

simplicity, convenience, and stability,"” but assumptions
about using near-infrared spectroscopy may limit accuracy in
clinical use. Second, both optimal MAP and the LLA may be
estimated from cerebral autoregulation monitoring. Most
studies during cardiopulmonary bypass have used a threshold
of MAP at the LLA, as this is thought to be the lowest MAP at
which adequate cerebral perfusion is maintained. However, a
number of studies in patients with head injury or preterm
infants have suggested a close association of a higher target
(i.e. optimal MAP) with outcomes.>'?!3'819 The strength of
evidence for optimal MAP has provided the basis for ongoing
multi-national clinical trials using optimal perfusion pressure
in critically ill patients with neurological injury,?> ?? such as
the CPPopt Guided Therapy: Assessment of Target Effective-
ness (COGIiTATE) trial (https://cppopt.org/).”’ However, during
cardiac surgery, it is unknown which target (optimal MAP or
LLA) has the strongest association with neurological and other
end-organ outcomes, such as acute kidney injury (AKI).?>?*
Finally, it is critical to understand the relationship between
duration and magnitude of MAP below a target threshold and
patient outcome. A more precise understanding would guide
clinical practice on the relative importance of duration vs
magnitude of hypotension.

To address these questions, the objective of this study was
to compare the association of cerebral autoregulation metrics
(estimated by eight different methods derived from factorial
combination of the above three parameters) with three clinical
outcomes in patients undergoing cardiac surgery. Identifying
the method with the strongest association would provide
insight into the most relevant metrics of cerebral hypo-
perfusion and guide the design of future interventional
studies. Furthermore, inspired by the work of Giiza and col-
leagues?” and Donnelly and colleagues,’® we applied a three-
dimensional (3-D) visualisation method to display the impact
of duration and magnitude of low MAP on patient outcomes.
We aim to introduce this straightforward visualisation tool to
provide insight into the duration of time that patients can
tolerate different intensities of hypotension.

Methods

This study was approved by the Johns Hopkins Institutional
Review Board (IRB00086547, jhmeirb@jhmi.edu; Baltimore,
MD, USA). Written informed consent was obtained from each
patient. A list of abbreviations is included as Supplementary
Table S1.

Patients

Patients undergoing cardiopulmonary bypass surgery at Johns
Hopkins Hospital (Baltimore, MD, USA) were enrolled between
August 4th, 2016 and August 23, 2019. Patients were included if
they were >18 yr old and undergoing isolated or combined
cardiac artery bypass graft, valve, aortic, or myectomy surgery.
Exclusion criteria were lung or heart transplant, insertion of a
ventricular assist device, or pre-existing kidney disease (dial-
ysis). Patients without windows for transcranial Doppler
analysis were excluded. Patients with baseline dialysis were
excluded. Data on a subset of these patients have been
published.?’-?8

Signal acquisition

Data recording started after induction of general anaesthesia
and tracheal intubation and stopped upon the surgical closing.
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Arterial blood pressure was monitored invasively through the
radial or femoral artery using a standard pressure monitoring
(Baxter Healthcare, CardioVascular Group, Irvine, CA, USA).
Continuous cerebral blood flow velocity was monitored through
bilateral transcranial Doppler (Doppler Box; DWL, Singen, Ger-
many) of the middle cerebral arteries through the temporal bone
window at the depth around 40—65 mm.?**° Two near-infrared
spectroscopy probes (Covidien, Boulder, CO, USA) were placed
on the patient’s forehead to monitor total haemoglobin and
regional cortical oxygen saturation. The data were recorded at a
sampling frequency of 128 Hz and recorded synchronously us-
ing ICM+ software (University of Cambridge, Cambridge Enter-
prise, Cambridge, UK; https://icmplus.neurosurg.cam.ac.uk)
through an A/D converter (DT9801; Data Translation, Marlboro,
MA, USA) or digitally, directly from GE Solar monitors. Autor-
egulation data were not provided to the anaesthesiologists, who
were masked. Artifacts introduced by tracheal suctioning,
arterial line flushing, or transducer malfunction were removed
manually. Artifact removal and cerebral autoregulation pa-
rameters were calculated using ICM+ software.

Perioperative care

All perioperative clinical management (including MAP man-
agement) was based on usual care, and autoregulation moni-
toring was not used for clinical decision-making. General
anaesthesia was induced and maintained with fentanyl (5—20
ng kg1, propofol (0.5-2.0 mg kg!), neuromuscular blocking
agents, and isoflurane. Dexmedetomidine infusion, ketamine
infusion, or both were used at the discretion of the attending
anaesthesiologist. Cardiopulmonary bypass surgery was carried
out with a non-occlusive roller pump, a membrane oxygenator,
and an arterial line filter of 40 pm or less. Non-pulsatile flow was
maintained between 2.0 and 2.4 L min~! m~2, with a-stat pH
management. Partial pressure of carbon dioxide was main-
tained between approximately 4.7 and 6 kPa. Rewarming was
based on institutional standards, with a goal pharyngeal tem-
perature <37°C. During cardiopulmonary bypass, MAP targets
were established based on discussions among the surgeons,
anaesthesiologists, and perfusionists and were generally MAP
>50—60 mm Hg. MAP targets in the ICU were 65—90 mm Hg, and
inotropes were weaned based on estimates of adequate perfu-
sion. Sedation after surgery was maintained with dexmedeto-
midine or propofol until patients were ready for extubation.

Defining the optimal MAP and lower limit of
autoregulation

Transcranial Doppler-based mean flow index was calculated as
a moving Pearson’s correlation coefficient between 10-s aver-
ages of MAP and transcranial Doppler blood flow velocity, using
a 300-s data window.! Similarly, near-infrared spectroscopy
based cerebral oximetry index was calculated as a moving
Pearson’s correlation coefficient between 10-s averages of MAP
and near-infrared spectroscopy regional cortical oxygen satu-
ration.” Functional autoregulation is indicated by negative or
near-zero mean flow index or cerebral oximetry index values
because changes in cerebral blood flow and MAP are negatively
or not correlated. Impaired autoregulation is indicated by high
mean flow index or cerebral oximetry index values because
changes in cerebral blood flow and MAP are correlated.’

To define optimal MAP and lower limit of autoregulation
(LLA), mean flow index and cerebral oximetry index values were
averaged and placed into 5 mm Hg MAP bins (Fig. 1). Thus a ‘U-

Shape’ curve can be depicted, and a curve fitting algorithm was
applied.>'*!® The MAP level at the lowest turning point of the ‘U-
Shape’ curve was defined as the optimal MAP where cerebral
autoregulatory function is most robust. The LLA was defined by
drawing a straight horizontal line at cut-off values identified in
our previous study”’ (mean flow index, 0.45; cerebral oximetry
index, 0.35) using ICM+ software® as shown in Fig. 1. The x-co-
ordinate of the point at which the straight line meets the U-
shaped curve on the left side was defined as the LLA'>*! or
treated as missingin the absence of an intersection. For patients
who had available data from two sides (i.e. right and left) of the
transcranial Doppler or near-infrared spectroscopy, we calcu-
lated LLA and optimal MAP of both sides and used the average.
For patients with available data from only one side of the
transcranial Doppler or near-infrared spectroscopy, we used
data from that side.

AUC of MAP below optimal MAP or lower limit of
autoregulation

To quantify the relationship between extension of MAP below
a certain threshold and patient outcome, we calculated the
AUC of MAP < optimal MAP (or LLA) through the product of
magnitude (mm Hg) and duration (h) using the formula below

AUC= gj (Magnitude; xATime) (mm Hg min), where ATime is
i=0

the time and Magnitude; is the individual sample values for
the magnitude of MAP deviation below the optimal MAP (or
LLA).*"32 We refer to this product of magnitude—time dose of
MAP < optimal MAP as the AUC of MAP below optimal MAP.
The same concept was also applied to the AUC of MAP below
LLA.

Patient outcomes

The primary endpoints of the present study were AKI and major
morbidity and mortality, based on prior literature suggesting
associations of MAP below the LLA with these outcomes.”'! We
also examined stroke as an outcome, as impaired autor-
egulation has been associated with stroke.>* AKI was defined by
comparing the maximal change in serum creatinine (SCr) in the
first 2 postoperative days with baseline values measured before
surgery using the Acute Kidney Injury Network (AKIN) criteria
(increasein the ratio of SCr > 1.5 or acute increase in SCr >0.3 mg
dl~! within 48 h).>®> Major morbidity and mortality includes
stroke, AKI, mechanical lung ventilation >48 h, low cardiac
output syndrome (inotrope use >24 h or new requirement for
intra-aortic balloon pump insertion; inotropes include
epinephrine, norepinephrine, vasopressin, dopamine, and mil-
rinone),>*3> or operative death (i.e. all deaths that occurred
during the hospitalisation in which the operation was per-
formed, even if after 30 days, and deaths that occurred after
discharge from the hospital but within 30 days of the procedure,
unless the cause of death was clearly unrelated to the opera-
tion)."* The logistic European System for Cardiac Operative Risk
Evaluation (logEuroSCORE) was additionally recorded for each
patient because this index is widely used to identify post-
operative risk for adverse effects after adult cardiac surgery.®

Visualisation of patient outcome at different
pressure—time burdens of low MAP

We used a similar approach described by Gtliiza and col-
leagues® to visualise the occurrence of each outcome at
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Fig 1. Identification of optimal arterial blood pressure (MAPopt) and lower limit of autoregulation (LLA), as indicated by the arrows. Mx,
mean flow index; COx, cerebral oximetry index; CBFV, cerebral blood flow velocity; rSO,, regional cortical oxygen saturation.

different pressure—time burdens of low MAP. Minute-by-
minute resolution data (time-averaged) were first created,
with each hypoperfusion episode defined as MAP below LLA
at a given magnitude threshold I (mm Hg) for at least a given
duration D (min). For each pair of magnitude and duration
thresholds [I,D], we found all the patients (patient number:
N) who experienced this pressure—time burden, and the
number of patients with AKI (or major morbidity and mor-
tality) among these patients was counted as Ngai. The
occurrence of AKI (or major morbidity and mortality) of this
episode [I,D] was calculated as N,:,‘d, the ratio between the
number of patient with AKI (or major morbidity and mor-
tality) divided by the total number of patients who experi-
enced this pressure—time burden. For example, for the
combination (5 mm Hg, 10 min), 132 patients experienced
low MAP below LLA more than 5 mm Hg for longer than 10
min, and among these 132 patients, 33 patients developed
AKI. Therefore, the occurrence of episode (5 mm Hg, 10 min)
is 33/132=25%. After calculating the occurrence of AKI (or
major morbidity and mortality) for each episode [,D], a
colour-coded figure was created with the magnitude of MAP
below LLA defined as x-axis, duration of the low MAP defined
as y-axis and the colour of each episode referring to the
occurrence of AKI (or major morbidity and mortality). Red
colour indicates high occurrence, whereas blue colour refers
to low occurrence.

Moreover, in order to visualise the influence of potentially
modifying factors, such as duration of cardiopulmonary
bypass and cerebral oximetry on the development of AKI,
demarcation curves (using a cut-off of risk of developing

AKI=40%) were compared between patients with bypass
duration >2 h and patients with bypass duration <2 h, and
between episodes with regional cortical oxygen saturation >50
and episodes with regional cortical oxygen saturation <50.

Statistical analysis

Statistical analyses were calculated with Matlab software
(version R2019B; MathWorks, Inc., Natick, MA, USA) and SPSS
(version 25.0; IBM, Armonk, NY, USA).

The mean AUC and time duration of MAP < LLA or MAP <
optimal MAP were calculated for each patient who had an LLA
or optimal MAP; otherwise, the AUC or time duration were
treated as missing. The mean AUC and time duration of MAP <
optimal MAP (or MAP < LLA) were compared between patients
with and without each outcome via logistic regression models
adjusted by age, duration of bypass, and logEuroScore (decided
a priori to be potentially confounding variables®). For all ana-
lyses, a P-value of <0.05 was considered statistically
significant.

Results
Patient characteristics

Baseline and perioperative characteristics from 240 patients
are listed in Table 1. A patient flow diagram is shown in Fig. 2.
A total of 205 patients had transcranial Doppler recordings
through the temporal bone window. Of patients with available
monitoring data, an optimal MAP could be identified in 91.3%
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Table 1 Patient details. CBFV, cerebral blood flow velocity;
COx, cerebral oximetry index; CPB, cardiopulmonary bypass;
MAP, mean arterial blood pressure; MAPopt, optimal mean
arterial blood pressure; Mx, mean flow index; rSO,, regional
cortical oxygen saturation; LLA, lower limit of autoregulation;

IQR, inter-quartile range.

Characteristic

Age, yr, median (range)

Male sex, n (%)

Height, cm, mean (sp)

Weight, kg, mean (sp)

Baseline haemoglobin, g dl~?, median
1QR]

Duration of bypass, min, mean (sp)

Surgery duration, min, mean (sp)

Mean LogEuroScore, %, median [IQR]

Race, n (%)

Caucasian
African American
Asian

Other

Prior congestive heart failure, n (%)

Prior hypertension, n (%)

Prior myocardial infarction, n (%)

Current smoker, n (%)

Anaesthetics during surgery
Fentanyl administration, n (%)
Dose of fentanyl (among recipients
of fentanyl), pg, median [IQR]
Ketamine administration, n (%)
Dose of ketamine (among
recipients of ketamine), mg,
median [IQR]

Midazolam administration, n (%)
Dose of Midazolam (among
recipients of midazolam), mg,
median [IQR]

Inotropes or vasopressors during
surgery
Epinephrine administration, n (%)
Norepinephrine administration, n
(%)

Vasopressin administration, n (%)

Patient outcome
Stroke, n (%)

Acute kidney injury, n (%)
Mechanical lung ventilation >48 h,
n (%)

Low cardiac output syndrome, n (%)
Operative death, n (%)

MAP, mm Hg, mean (sp)

Mean CBFV, cm s~ %, mean (sp)

Mean rSO,, mean (sp)

Mzx, mean (sp)

COx, mean (sp)

Mean MAPopt_Cox, mm Hg, mean
(s0)

Mean MAPopt_Mx, mm Hg, mean (sp)

Mean LLA_COx, mm Hg, mean (sp)

Mean LLA_Mx, mm Hg, mean (sp)

Mean AUC of MAP < MAPopt_COXx,
mm Hg h, median [IQR]

Mean AUC of MAP < MAPopt_Mx,
mm Hg h, median [IQR]

Mean Duration of MAP < LLA_COx,
min, median [IQR]

Mean Duration of MAP < LLA_MX,
min, median [IQR]

65 (25—87)

191 (79.6)

173.4 (10.4)
87.1 (22.3)

13.5 [11.9-14.6]

110.9 (44.7)
296.4 (71.6)
2.93 [1.77-5.54]

196 (81.7)
30 (12.5)
4(1.7)

10 (4.2)
81 (31.1)
200 (76.9)
79 (20.4)
37 (14.2)

227 (94.6)
500 [250—950]

65 (27.1)
50.0 [30.0-91.2]

215 (89.6)
2.0 [2.0-2.0]

206 (85.8)
99 (41.3)

13 (5.4)

68.2 (8.4)
23.3 [13.4—38.8]

20.5 [11.5-35.6]
45 [25-89]

62 [31-111]

(219/240) of patients using cerebral oximetry index and in
94.2% (193/205) of patients using mean flow index. An LLA
could be identified in 72.9% (175/240) of patients using COx and
in 51.2% (105/205) of patients using mean flow index. Charac-
teristics of patients with and without an LLA are shown in
Supplementary Table S2. Six patients had postoperative
ischaemic stroke identified by CT, MRI, or both; 56 (23.3%)
patients had AKI; and 80 (33.3%) patients had major morbidity
and mortality. Perioperative characteristics by each outcome
are described in Supplementary Tables S3 and S4. There were
no significant difference between MAP at the LLA identified
using cerebral oximetry index and MAP at the LLA identified
using mean flow index (65.6 [8.3] mm Hg us 68.2 [8.4] mm Hg,
P=0.15). There were no significant differences between either
the AUC < LLA calculated using cerebral oximetry index and
the AUC < LLA calculated using the mean flow index (P=0.62),
or the time duration of MAP < LLA calculated using the cere-
bral oximetry index and the time duration of MAP < LLA
calculated using the mean flow index (P=0.38).

Comparison of different methods of assessing cerebral
autoregulation in relation to three outcomes

Table 2 shows the results for three clinically important out-
comes (stroke, AKI, major morbidity and mortality) in associ-
ation with eight different methods to calculate cerebral
autoregulation metrics derived by varying three parameters.

Based on comparing the magnitude and significance of the
model estimates for each method, general observations for
each parameter of interest can be made. For the index of
autoregulation parameter, both mean flow index and cerebral
oximetry index identified the cerebral LLA below which MAP
was associated with a higher incidence of AKI and major
morbidity and mortality. For MAP threshold parameter, MAP <
LLA was more strongly associated with AKI and major
morbidity and mortality than MAP < optimal MAP. For the
magnitude of insult parameter, AUC and duration below a
threshold showed similar associations with AKI and major
morbidity and mortality.

Taken as a whole and combining parameters, there are
several results to highlight in Table 2. Based on magnitude and
significance of the estimates, the AUC of MAP < LLA had the
strongest association with AKI and major morbidity and
mortality, regardless of whether cerebral oximetry index or
mean flow index was used. There was no statistical associa-
tion of cerebral oximetry index-derived MAP < optimal MAP
with AKI or major morbidity and mortality. The remaining
four combinations of cerebral autoregulation metrics that
were examined demonstrated significant associations with
both AKI and major morbidity and mortality, but with less
magnitude and significance of the associations, compared
with AUC of MAP < LLA. Finally, there was no association of
any cerebral autoregulation metric with stroke.

Visualisation of major morbidity and mortality or AKI
occurrence at different pressure—time burden of low
MAP

We next examined the contribution of low magnitude pres-
sure vs duration in the calculation of the AUC of MAP < LLA as
prior work has treated these parameters (pressure, duration)
as equivalent. Figure 3 shows the visualisation of occurrence
of major morbidity and mortality (panel a) and AKI (panel d)
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Screened (n=1862)

—— > Did not meet enroliment criteria (n=104)

Surgeon not participating (n=257)
Eligible (n=1501)

A

Enrolled with baseline
assessment (n=315)

Analysed (n=240)

Fig 2. Patient flowchart.

across different magnitudes and durations of MAP < LLA. The
probability of both major morbidity and mortality and AKI
increased as both the magnitude and duration of MAP < LLA
increased, with highest occurrence in the top-right corner of
the figure. For example, the black line in Fig. 3a shows that if
the MAP was below LLA by 13 mm Hg for longer than 30 min,
the probability of developing major morbidity and mortality
increased to 50%. Figure 3b,c and e,f demonstrate that exact
demarcation of different risk thresholds may vary according to
other factors. For instance, Fig. 3b shows the contribution of
duration of cardiopulmonary bypass. At the same level of low
MAP, patients who experience longer duration of cardiopul-
monary bypass (red line, Fig. 3b) have lower tolerance
compared with patients with shorter duration of cardiopul-
monary bypass (blue line). Similarly, Fig. 3c demonstrates that
episodes with low regional cortical oxygen saturation (red line,
Fig. 3c) are associated with more major morbidity and mor-
tality compared with episodes with higher regional cortical
oxygen saturation, even at the same level of low MAP (blue
line, Fig. 3c). Similar results are demonstrated for AKI, with
longer duration of cardiopulmonary bypass (red line, Fig. 3e)
and lower regional cortical oxygen saturation (red line, Fig. 3f)
being associated with a reduced tolerance for a given magni-
tude and duration of decreased MAP.

Discussion

Currently, there is no agreement on the appropriate MAP tar-
gets for individual patients during cardiac surgery. Although
individualised monitoring of cerebral autoregulation param-
eters may provide insight, a variety of different approaches to
monitor autoregulation have been used, each of which may
provide different estimates of MAP targets. We compared eight
different approaches to calculating cerebral autoregulation
metrics, using factorial combinations of three sources of
variation. The main finding of this study was that the AUC of
MAP < LLA had the strongest association with AKI and major
morbidity and mortality, regardless of whether cerebral ox-
imetry index or mean flow index was used. The odds ratio for
AUC of MAP < LLA was 1.05 (1.01—1.09), meaning every 1 mm

——> Patient declined (n=260)

Patient not available or is non-English speaking (n=91)
Staff not available (n=437)

Monitor not available (n=398)

Patients with end-stage renal disease on dialysis before the surgery (n=6)
Signals not acquired or poor signal quality (n=69)

Hg h increase of AUC was associated with an increase in the
odds of AKI by 5% on average.

In addition, our new direct visualisation tool can display
the interaction of duration and magnitude of low MAP on pa-
tient outcomes in a novel way.

There are several parameters that can be varied in the
calculation of cerebral autoregulation metrics. We examined
three key parameters: (1) the specific index of autoregulation
calculated using transcranial Doppler vs near-infrared spec-
troscopy, (2) different thresholds based on autoregulation
curves, and (3) duration vs AUC below a threshold. Under-
standing the optimal parameters to use could help optimise
MAP targets for future interventional trials and for clinical
practice.

With respect to the first parameter (index of autor-
egulation), an important area of uncertainty has been the use
of transcranial Doppler spectroscopy-vus near-infrared spec-
troscopy-based approaches to monitor cerebral autor-
egulation. Although transcranial Doppler-based approaches
have historically been considered the gold standard, near-
infrared spectroscopy-based approaches offer several advan-
tages, including ease of use, more complete data, and less
artifacts comparing with transcranial Doppler. Because cere-
bral near-infrared spectroscopy is routinely used during car-
diopulmonary bypass, monitoring cerebral autoregulation
using near-infrared spectroscopy-based approaches would be
highly clinically relevant. However, questions about the ac-
curacy of near-infrared spectroscopy-based approaches stem
from several areas of uncertainty, including the contribution
of extracerebral tissue and the potentially confounding effects
of medications or other changes in physiology. This study
compared (in the same patients) a near-infrared spectroscopy-
based index of autoregulation to a transcranial Doppler-based
index of autoregulation. The results showed that, regardless of
the index of autoregulation, deviations of MAP < LLA were
associated with AKI and major morbidity and mortality, sup-
porting the application of near-infrared spectroscopy-based
monitoring of cerebral autoregulation during cardiac surgery.
Moreover, the LLA could be identified in more patients using
near-infrared spectroscopy-based monitoring of cerebral



Table 2 The association of cerebral autoregulation metrics (as calculated using different parameters) with stroke, acute kidney injury, and major morbidity and mortality. *Adjusted for
age, duration of bypass, and logistic EuroSCORE. 'Data format: median (inter-quartile range). ‘Data format: mean (sp). The odds ratio is used to determine whether a particular exposure
(e.g. low MAP) is a risk factor for a particular outcome (e.g. AKI), and to compare the magnitude of various risk factors for that outcome. For example, in this table, the odds ratio for AUC of
MAP < LLA_COx of AKI was 1.05 [1.01—1.09], meaning every 1 mm Hg h increase of AUC was associated with an increase in the odds of AKI by 5% on average. MMOM, major morbidity and
mortality; AKI, acute kidney injury; AUC, area under the curve, calculated as the produce of magnitude and duration of MAP below a certain threshold; LLA, lower limit of autoregulation;
COx, cerebral oximetry index; Mx, mean flow index; MAP, mean arterial blood pressure; MAPopt, optimal arterial blood pressure; OR, odds ratio; SD, standard deviation; P < 0.05 is
considered to be significant difference, marked in bold.

Stroke Acute kidney injury Major morbidity or mortality
Without With stroke Adjusted* Without AKI With AKI Adjusted* Without With MMOM Adjusted*
stroke _— — MMOM
OR (95% CI) P OR (95% CI) P OR (95% CI) P
COx MAPopt AUC of MAP < 22.3 36.5 1.01 0.49 222 25.8 1.00 0.80 216 27.3 1.00 0.56
MAPopt_COx (13.0,38.8)  (30.8,38.4) [0.98—1.05] (12.4,39.0)  (18.8,38.5)  [0.99-1.02] (12.0,40.3) (17.9,38.4)  [0.99-1.02]
(mm Hg h)f
Duration of MAP 158.9 247.3 1.01 0.18 156.3 179.9 1.00 0.18 153.1 179.1 1.00 0.08
<MAPopt_COx  (66.0) (66.8) [1.00—1.03] (68.3) (59.7) [1.00—1.01] (65.2) (68.7) [1.00-1.01]
(min)?
LLA AUC of MAP < 4.3 11.0 1.04 0.36 3.9 8.7 1.05 0.01 39 7.3 1.04 0.01
LLA_COx (mm  (2.3,100)  (65,17.5)  [0.95—1.14] (1.9, 8.5) (3.1,15.1)  [1.01—1.09] (2.1, 8.6) (3.0, 14.6) [1.01-1.08]
Hg h)f
Duration of MAP 60.3 100.0 1.01 0.23 525 85.1 1.01 0.001 53.4 77.1 1.01 0.004
<LLA_COx (51.8) (65.2) [0.99—1.03] (45.7) (61.5) [1.01—1.02] (46.4) (59.4) [1.00-1.02]
(min)?
Mx MAPopt AUC of MAP < 20.6 15.9 1.01 0.76 18.0 23.7 1.01 0.05 18.1 23.6 1.02 0.01
MAPopt_Mx (11.4,35.4) (14.9,53.3) [0.97—1.04] (11.0,31.8)  (14.5,44.8)  [1.00-1.03] (10.6, (14.7,44.2)  [1.00-1.03]
(mm Hg h)f 31.3)
Duration of MAP 149.6 219.0 1.00 0.78 141.7 177.0 1.01 0.04 139.5 176.5 1.01 0.03
<MAPopt Mx  (72.4) (131.0) [0.99—1.01] (68.4) (88.0) [1.00—1.01] (65.4) (86.6)n [1.00—1.01]
(min)*
LLA AUC of MAP< 6.3 5.3 1.00 0.92 59 13.7 1.05 0.01 55 9.1 1.06 0.006
LLA_Mx (mm (33,149  (3.2,27.7)  [0.92-1.10] (2.9, 11.7) (4.7,31.0)  [1.01—1.09] (29,12.0) (4.6, 23.0) [1.02—1.11]
Hg h)'
Duration of MAP 77.4 106.0 1.00 0.87 69.2 113.6 1.01 0.01 684 99.1 1.01 0.004
<LLA_Mx (61.5) (112.4) [0.98—1.02] (56.0) (77.6) [1.00—1.02] (54.9) (72.5) [1.00—1.02]

(min)*

8¢
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Fig 3. Visualising the relationship between the magnitude of MAP below LLA (mm Hg), time duration (min) and occurrence of major
morbidity and mortality or AKI. As an overview, each coordinate in the figures refers to a hypoperfusion episode of MAP below LLA at a
certain magnitude (mm Hg) for at least a certain duration (min). For each pair of magnitude and duration thresholds, the probability of AKI
or MMOM is calculated and then represented by colour codes (blue colour indicates low probability and red colour indicates high prob-
ability). The solid lines demarcate distinct transitions in probabilities for each outcome. For example, the colour coding and black line in
panel (a) demonstrate that if the MAP was below LLA cerebral oximetry index by 13 mm Hg, and lasted for longer than 30 min, the
probability of developing MMOM increased to 50%. Panels (a) and (d) demonstrate that the probability of both MMOM and AKI increase as
both the magnitude and duration of MAP < LLA increase, with highest occurrence in the top-right corner of each panel. Panels (b) and (e)
demonstrate the modifying effects of bypass duration on the probability of AKI (b) and MMOM (e). Panels (c) and (f) demonstrate the
modifying effects of reduced cerebral oximetry values (regional cortical oxygen saturation [rSO,]) on probability of AKI (c) and MMOM (f).
These latter panels demonstrate that patients with longer duration of cardiopulmonary bypass and lower cerebral oximetry values (rSO,)
have an increased risk of AKI and MMOM even at similar intensities and duration of MAP below the LLA, as compared with patients who
had shorter duration of bypass or higher cerebral oximetry values. MAP, mean arterial blood pressure; LLA, lower limit of autoregulation;
AKI, acute kidney injury; MMOM, major morbidity and operative mortality.

autoregulation than using transcranial Doppler-based ap-
proaches, with potential reasons including difficulties in
maintaining consistent transcranial Doppler monitoring and
signal artifacts.

A second area of uncertainty has been the exact MAP
threshold from cerebral autoregulation monitoring to use as a
target. During cardiac surgeries, MAP targets are often lower
than a patient’s baseline MAP for several reasons, including to
reduce bleeding from collateral circulation during bypass, to
reduce stress on surgically repaired tissue, or to reduce the
need for extensive inotropic or vasopressor support. There-
fore, most studies examining cerebral autoregulation charac-
teristics during cardiac surgery have used the MAP at the
LLA.5 ' However, optimal pressure, which is higher than the
LLA, has been validated widely in the neurological ICU, and
strong associations between poor outcome and deviations
from optimal pressure have been reported.>*?'>'8 1° Thus, in

patients undergoing cardiac surgery, it is unclear whether the
cerebral LLA or optimal MAP is a better target for reducing the
risk of AKI or major morbidity and mortality. This is clinically
relevant because a higher MAP target might require more
intropic or vasopressor support, may increase surgical
bleeding, or both. The results of our study provide insight into
the utility of cerebral LLA and optimal MAP as potential MAP
targets during cardiac surgery, but trials are needed to
compare these two approaches directly. On a related note,
although our focus has been on potential hypoperfusion, it is
also important to point out that MAP above the upper limit of
autoregulation (ULA) may be important to consider for
neurological outcomes, such as delirium.?® However, the
relatively short period in the operating room along with a
relatively low MAP means that a ULA cannot be identified as
frequently as an LLA. Although the ULA may be less relevant
for outcomes that are likely related to hypoperfusion, it is
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noteworthy that the plateau of cerebral autoregulation based
on average data was less than 25 mm Hg MAP and so MAP may
cross the ULA in usual practice, especially in the postoperative
period.

Finally, we also examined the contribution of AUC vs
duration-only of MAP below a critical threshold in leading to
postoperative complications, as prior work has treated these
parameters (magnitude, duration) as equivalent.’®'? We first
found in regression models that both duration and AUC of
MAP below critical thresholds were similarly associated with
postoperative AKI and major morbidity and mortality. To
further investigate the relative importance of duration and
magnitude of low MAP, we used a visualisation tool developed
by Giiiza and colleagues,”” which estimates the risk of an
outcome based on various combinations of duration and
magnitude of MAP below a critical threshold. The plots visu-
ally demonstrate that both magnitude and duration of MAP
below a critical threshold together are associated with AKI and
major morbidity and mortality. Furthermore, the plots provide
outcome-specific risk cut-offs in the cardiac surgery patient
population to guide haemodynamic management. Finally, the
tool also shows that other factors, such as duration of car-
diopulmonary bypass and cerebral oximetry values, may
modify thresholds of risk. Longer bypass duration and sepa-
rately lower rSO, were associated with more AKI and major
morbidity and mortality at similar exposures to MAP below the
cerebral LLA. In the future, the magnitude—duration plot may
be a tool to individualising prediction for postoperative out-
comes based on interactions of magnitude and duration of
MAP below a critical threshold.

Strengths and limitations

Strengths of this study include a systematic comparison of
several autoregulation indexes for personalised MAP manage-
ment during cardiac surgery and a novel method of visualising
the influence of duration and magnitude of low MAP in patient
outcome. The tool could be extended to various types of surgery
and postoperative care. Instead of using only one type of pa-
tient outcome, we include several important morbidities after
cardiac surgery (major morbidity and mortality, AKI, and
stroke), outcomes for which there is a strong biologic rationale
for the importance of hypoperfusion and for which prior
studies suggested the clinical relevance of metrics of autor-
egulation,”!! Moreover, the thresholds of LLA (0.35 for cerebral
oximetry index and 0.45 for mean flow index) in this study were
identified through a rigorous process described in our previous
publication.?” The difference of the cut-offs between the two
parameters might be because transcranial Doppler and near-
infrared spectroscopy are detecting different modalities of ce-
rebral blood flow, with transcranial Doppler mainly detecting
the cerebral blood flow in large vessels and near-infrared
spectroscopy mainly detecting cerebral oxygen saturations.
This observation further underscores the importance of
considering the subtleties of the different monitoring tech-
niques for monitoring autoregulation.

However, there are several limitations to consider. First,
there were a limited number of patients with postoperative
stroke, thus limiting our ability to make inferences. Other
brain-focused outcome metrics, such as neurological/cogni-
tive outcomes, delirium, or brain MRI, may more directly
demonstrate the importance of potential cerebral hypo-
perfusion. Second, an LLA could notbe identified in all patients
for several reasons, including insufficient MAP values to

visualise a curve at the patient’s actual LLA, an autoregulation
curve that was always above or below the cut-off and thus did
not intersect the cut-off, and imprecise curves because of
artifact. An LLA was identified less often than optimal MAP,
because in some of these scenarios (e.g. an autoregulation
curve always above or below a cut-off), an optimal MAP but not
LLA could be identified. The difficulty in consistently identi-
fying an LLA was magnified with transcranial Doppler-based
indices because motion-based artifacts can reduce the num-
ber of data points at each MAP. There are usually less data
points at the LLA than at optimal MAP and so reductions in
data points at the LLA can disproportionately affect the quality
of the curve at the LLA. Although characteristics of patients
with and without a reference LLA were similar
(Supplementary Table S2), it is also not certain that the
thresholds we identified can be applied to all patients. Third,
autoregulation data were calculated using periods of both
pulsatile and non-pulsatile flow. The assumptions that un-
derlie the characterisation of autoregulation do not depend on
changes in blood pressure at the frequency of heart rate, and
these methods have been used in prior studies.>%%3” Never-
theless, there may be changes in cerebral physiology during
bypass that could alter cerebral reactivity and introduce noise
into time-averaged measurements in these calculations. In
addition, there were differences between patients in anaes-
thetic and inotropic medications administered during surgery
that could potentially affect autoregulation, but there were no
associations with the outcomes of interest (Supplementary
Table S4). Fourth, unlike the ICU-based study from Giiiza and
colleagues,”® the data in the present study were collected
intraoperatively and the monitoring duration was shorter,
resulting in coarse demarcation curves owing to limited data
points. Finally, this is an observational study, and it is unclear
the degree to which managing mean arterial pressure using
these approaches could improve patient outcomes.

Conclusions

For patients undergoing cardiac surgery, the predictive po-
tential of mean arterial pressure staying below lower limit of
autoregulation the predictive potential of mean arterial
pressure staying below lower limit of autoregulation (using
either transcranial Doppler spectroscopy-based or near-
infrared spectroscopy-based metrics of cerebral autor-
egulation) had the strongest association with acute kidney
injury and major morbidity and mortality. Data from rando-
mised trials are needed to support the clinical relevance of
these thresholds to modify intraoperative management. A
visualisation method has the potential to demonstrate the
interaction of magnitude and duration of mean arterial pres-
sure below critical thresholds with respect to acute kidney
injury and major morbidity and mortality.
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