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of Cerebral Autoregulation State Using Near-Infrared
Spectroscopy
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BACKGROUND: Cerebral blood flow (CBF) is maintained over a range of blood pressures through
cerebral autoregulation (CA). Blood pressure outside the range of CA, or impaired autoregulation,
is associated with adverse patient outcomes. Regional oxygen saturation (rSo,) derived from near-
infrared spectroscopy (NIRS) can be used as a surrogate CBF for determining CA, but existing
methods require a long period of time to calculate CA metrics. We have developed a novel method
to determine CA using cotrending of mean arterial pressure (MAP) with rSo, that aims to provide
an indication of CA state within 1 minute. We sought to determine the performance of the cotrend-
ing method by comparing its CA metrics to data derived from transcranial Doppler (TCD) methods.
METHODS: Retrospective data collected from 69 patients undergoing cardiac surgery with cardio-
pulmonary bypass were used to develop a reference lower limit of CA. TCD-MAP data were plotted
to determine the reference lower limit of CA. The investigated method to evaluate CA state is based
on the assessment of the instantaneous cotrending relationship between MAP and rSo, signals.
The lower limit of autoregulation (LLA) from the cotrending method was compared to the manual ref-
erence derived from TCD. Reliability of the cotrending method was assessed as uptime (defined as
the percentage of time that the state of autoregulation could be measured) and time to first post.
RESULTS: The proposed method demonstrated minimal mean bias (0.22 mmHg) when com-
pared to the TCD reference. The corresponding limits of agreement were found to be 10.79
mmHg (95% confidence interval [Cl], 10.09-11.49) and —-10.35 mmHg (95% Cl, —-9.65 to
—11.05). Mean uptime was 99.40% (95% Cl, 99.34-99.46) and the mean time to first post was
63 seconds (95% Cl, 58-71).

CONCLUSIONS: The reported cotrending method rapidly provides metrics associated with CA
state for patients undergoing cardiac surgery. A major strength of the proposed method is its
near real-time feedback on patient CA state, thus allowing for prompt corrective action to be
taken by the clinician. (Anesth Analg 2020;131:1520-8)

KEY POINTS
- Question: Can the lower limit of autoregulation (LLA) be assessed in real time?

- Findings: A near-infrared spectroscopy (NIRS)-based LLA can be calculated to provide
near real-time feedback to the clinician regarding the current state of a patient’s cerebral
autoregulation.

- Meaning: A real-time approach for the assessment of the LLA is feasible for the
cardiovascular operating room (CVOR), but further work remains to explore its clinical utility.

GLOSSARY

ABP = arterial blood pressure; CA = cerebral autoregulation; CBF = cerebral blood flow; ClI = con-
fidence interval; COPD = chronic obstructive pulmonary disease; COx = correlation index; CPB =
cardiopulmonary bypass; CVOR = cardiovascular operating room; IQR = interquartile range; LLA =
lower limit of autoregulation; LOA = limit of agreement; MAP = mean arterial pressure; Mx = mean
flow index; NIRS = near-infrared spectroscopy; Paco, = partial pressure of carbon dioxide; RMSD =
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root mean square deviation; rSo, = regional oxygen saturation; TCD = transcranial Doppler; TTFP

= time to first post

ical mechanism that regulates cerebral blood
flow (CBF) over a range of blood pressures,
ensuring that cerebral blood supply meets meta-
bolic demand. The CA operational range is defined
by the limits of contractility and extensibility of
the vasculature: at low blood pressures, the vessels
maximally dilate while at high blood pressures, the
vessels maximally constrict. Thus, when blood pres-
sure is outside CA limits, CBF is directly related to
blood pressure and the CA state is impaired. CA
limits are patient-specific with marked interindivid-
ual variability.!? Impaired CA is strongly associated
with negative outcomes in a variety of neurologi-
cal conditions (traumatic brain injury,*® cerebral
hemorrhage,®” stroke?® cardiovascular disease,'®!
and in premature infants,'*!® patients undergoing
cardiac and noncardiac surgery*'°). In patients
undergoing cardiac surgery, blood pressure excur-
sions outside the limits of autoregulation are associ-
ated with organ injury and brain dysfunction.'*!7-1
Individualized blood pressure management tar-
geted to optimize CA thus might provide a more
rational approach to patient care during surgery
than standardized blood pressure management.
Continuous direct CBF assessment (eg, positron
emission tomography, direct radioisotope measure-
ment) is not clinically viable for continuous CA
monitoring. As such, noninvasive surrogate meth-
ods for determining CBF have been developed,
including those using transcranial Doppler (TCD)
and regional oxygen saturation (rS50,). While
TCD is considered the most accurate noninvasive
assessment of CBE, its use clinically is limited by
patient movement, electrical interference from elec-
trocautery, and other limitations. Other studies
have shown that rSo0, is a clinically feasible method
of inferring CBF, overcoming the limitations of
TCD_1,21,22
A limitation of existing proposed CA monitor-
ing methods is the relatively long time scales (ie, 30
minutes to several hours) to construct meaningful
CA plots, and even then, an expert clinician is often
needed to interpret the data. We have developed a
novel method for the real-time, continuous moni-
toring of CA using noninvasive near-infrared spec-
troscopy (NIRS)-based technique. Using data from
patients undergoing cardiac surgery with cardiopul-
monary bypass (CPB), we hypothesize that a novel
technique that compares the relationship between
instantaneous rSo, and mean arterial pressure (MAP)

C erebral autoregulation (CA) is the physiolog-
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will be able to determine the lower limit of autoregu-
lation (LLA) when compared to a TCD reference.

METHODS
Data Collection
A data set obtained from 69 patients” that under-
went cardiac surgery with CPB at The Johns Hopkins
Hospital, Baltimore, MD, was used in this retrospec-
tive study. We did not prespecify a sample size because
this was a pilot study and, therefore, we included
all data that were available to us. The protocol was
approved by The Johns Hopkins Medical Institute’s
research review board (jhmeirb@jhmi.edu), and the
patients provided written informed consent to par-
ticipate in the study. This was an observational study,
so anesthetic care was not affected by study participa-
tion. However, routine clinical care included fentanyl
and/or propofol for induction and/or pain control,
midazolam for anxiolysis, isoflurane for maintenance,
and a nondepolarizing paralytic for muscle relaxation.
Arterial blood pressure (ABP) was monitored with
a direct radial catheter and the signal collected at a fre-
quency of 100 Hz (GE Medical, Milwaukee, WI) using
a laptop computer running ICM+ software (Cambridge
Enterprises, Cambridge, UK). CPB was achieved after
anticoagulation with heparin using a nonocclusive roller
pump with flows of 2.0-2.4 L-minute':m~? and a mem-
brane oxygenator. CBF velocity of the middle cerebral
arteries was monitored bilaterally with TCD (Doppler
Box, DWL, Compumedics, Charlotte, NC) using two
2.5 MHz transducers held in place with brackets fitted
on a headband as previously described.!® The depth
of insonation varied between 35 and 52 mm until repre-
sentative spectral middle cerebral artery flow was iden-
tified. Bilateral rSo, was collected from sensors placed
on the forehead (INVOS 5100C monitor, Medtronic,
Boulder, CO) at a sampling rate of 0.2 Hz. All data anal-
ysis was performed retrospectively with tools imple-
mented in MATLAB (MathWorks, Natick, MA).

LLA Determination by Cotrending

We determined the LLA from each patient by evalu-
ating the cotrending behavior of the MAP and rSo,
signals (Supplemental Digital Content, Figure 1,
http:/ /links.Iww.com/AA/C992), in contrast with
previous CA methods that use the Pearson correlation

“Fifty-three patients had missing or poor TCD signal. In addition, a further
29 patients were not used because the TCD reference did not exhibit an LLA.
This left 69 cases for use in this study. (Note that it is not possible to deter-
mine whether the lack of identifiable LLA was due to signal issues or because
the patient genuinely did not transit the LLA during signal acquisition.)

'The gradient of the signal is the trend of the signal with respect to time.
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coefficient tobuild a correlation index (COx) plot. 111421
The cotrending method uses windows of data with a
duration of 50 seconds (in contrast with the 300 sec-
onds used in COx), inside of which the gradients’ of
MAP and rSo, signals are computed and then com-
pared. From this comparison of the trending behavior
of the 2 signals, an instantaneous assessment of the
CA state is made—the CA state can be intact (trend-
ing in the same direction), impaired (trending in
opposite directions), or not determined (one or more
signals too noisy or constant). The latter refers to the
instant in time where limited information precludes
assigning CA state. If there is a strong agreement in
the values of the gradients of both MAP and rSo,, the
state is considered impaired; while if the values of the

the state is assessed over

gradients differ, the CA state is considered intact. That
is, the similarity between MAP and rSo, gradients is
indicative of a pressure-passive CBF state, while dis-
similarity indicates functional autoregulation.

To attain a visual representation of the CA state, it
is necessary to integrate the instantaneous information
over time and across MAP. The COx method achieves
this by binning the COx values in 5 mmHg bins and
plotting them as a function of MAP (thus collapsing
the time dimension). The result is a CA plot that is not
straightforward to interpret, takes significant time (up to
several hours) to build up, and is very slow to reflect any
changes in the CA state. Automated identification of the
LLA in the COx plot is very difficult, with the thresholds
used varying across studies.”'?! In addition, existing
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Figure 1. Cotrending algorithm schematic and example. A, Schematic showing the buildup of state indication (intact: green; impaired: red)
over time for the MAP signal determined through comparison of the cotrending of MAP with the rSo, signal (not shown). The LLA is defined as
the transition between the red and green sections. B, Display output showing MAP signal over time with state determination (green: intact; red:
impaired) superimposed as MAP values are visited. The state has been determined from the cotrending of MAP and rSo, using our method.
The cyan line is the reference LLA, determined from the TCD signal. Note that the proposed method does not post a result during periods
when the MAP or rSo, are missing (indicated as the periods displayed as vertical black bands). LLA indicates lower limit of autoregulation;
MAR mean arterial pressure; rSo,, regional oxygen saturation; TCD, transcranial Doppler.
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studies require a fallback to manual interpretation of
the COx plot when the automated thresholds fail to find
an LLA. In the cotrending method, CA is displayed as a
2-dimensional color map: MAP on the y-axis and time
on the x-axis as is seen in Figure 1A. By shading each
distinct region of CA state, it becomes self-evident which
MAP values are associated with intact CA or impaired
CA. Instead of collapsing the time dimension as for
COx, the state at the current time and MAP value are
updated in real time in the display matrix.

Obtaining a Manual Reference LLA From TCD

Many studies®*'* have asserted the measurement of
autoregulation using a variety of correlation functions
without validation against a standard. To obtain a ref-
erence, this study used plots of flow velocity against
MAP, allowing for direct visualization of the transition
between a state of intact and impaired autoregula-
tion.” The LLA reference was assessed by generating
and then manually inspecting the Lassen curve based
on scatter plots of TCD CBF velocity versus MAP for
each patient. The corresponding mean flow index
(Mx) plot was inspected alongside the Lassen curve.
The Mx plot was derived as a Pearson correlation
between low-frequency changes in CBF velocity and

MAP2 A custom tool was developed to display these
plots and to allow the user to select time periods and
assign an LLA for each selected period. An example of
the usage of this tool can be seen in Figure 2. Data from
the right and left sides from each individual case were
randomly shuffled with all the other cases to minimize
LLA evaluation bias, and the plots presented to 2 of
the authors (D.M. and A.A.). Each author assigned
LLAs to different time segments as they saw fit. These
estimations of the LLA were then combined to gener-
ate a single reference LLA time series for each case.

Statistical Analysis
The statistical analysis consisted of the calculation of
4 measures of performance of the cotrending method
compared with the TCD-determined CA: agreement,
accuracy, reliability, and time to first post (TTFP).
Agreement was determined from the LLA time series
output calculated by the cotrending method compared
with the LLA manually assessed using the TCD refer-
ence. Agreement was measured using a Bland-Altman
analysis of the data where bias and limits of agreement
were reported. To account for multiple measurements
within patients, confidence interval (CI) estimation for
the limits of agreement was produced using the delta
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Figure 2. Manual LLA assessment tool. An example usage of the tool used to build the reference LLAs from the TCD signals—a single case
has been loaded. Top 2 plots: MAP and TCD flow time series. Bottom left plot: TCD flow-MAP plot; bottom middle plot: Mx-MAP plot (the black
dots are the raw points and the blue overlay the corresponding binned values). The user is able to interrogate the signals in different time
windows and is able to integrate the information from all 4 plots to help set a reference value. In this example, the user has selected the
whole case and assigned a single LLA at 52 mmHg. LLA indicates lower limit of autoregulation; MAR mean arterial pressure; Mx, mean flow

index; TCD, transcranial Doppler.
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method described by Zou,* considering the case when
the true value may vary.

Accuracy was also determined using the same
data, defined as the mean per-case root mean square
deviation (RMSD) and 95% bootstrapped (10,000
iterations, bias-corrected and accelerated percentile
method) CIs. We included the computation of this
metric, because it is common for this statistic to be
specified within medical device standards,”* where
“in practice, the accepted reference (here TCD) is sub-
stituted for the true value.” This practice is generally
adopted by device manufacturers to gain acceptance
in regulatory submissions.

Reliability in the form of an uptime was com-
puted. This is a measure of the percentage of time
the cotrending method produces a result during each
case, and a fundamental technical requirement for the
development of a medical device. To be acceptable
for use in clinical practice, both accuracy and uptime
must be sufficiently high. Note that accuracy may be
improved at the expense of uptime by avoiding post-
ing results when the signal quality is poor (eg, due to
noise) or if the cotrending method is not confident on
the result. The results presented in this study did not
follow this practice, that is, the results are based on the
full output of the cotrending method and no manual
exclusion of poor data segments has been performed.

The TTFP, an output value, was also measured. This
is the amount of time it takes before the method posts
an indication of state after starting, and is another
important parameter when considering use in clinical
practice. Both the reliability and TTFP CIs were boot-
strapped using the same method as the accuracy.

All statistical analyses were performed in MATLAB
(Mathworks, Natick, MA).

RESULTS

A summary of patient characteristics is provided in
the Table. The 69 cases were successfully evaluated
by the cotrending method and compared with the
LLA reference results. Figure 1B contains an example

Table. Patient Characteristics

Parameter

N 69

Age (y), mean (range) 66 (25-82)
Male sex, n (%) 57 (82.6)
Diabetes mellitus, n (%) 21 (30.4)
Hypertension, n (%) 53 (76.8)
COPD, n (%) 2 (2.9)
Coronary artery disease, n (%) 53 (76.8)
Congestive heart failure, n (%) 3(4.3)
Preoperative systolic BP (mmHg), mean (SD) 141.1 (22.5)
CPB duration (min), median (IQR) 97 (75-135)

Cross clamp (min), median (IQR) 63 (50-87)

Abbreviations: COPD, chronic obstructive pulmonary disease; CPB,
cardiopulmonary bypass; IQR, interquartile range.
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of the output from the cotrending method for one
of the patient data sets used in this study. The MAP
signal (white) can be seen over the whole procedure
which lasted approximately 4 hours. The instanta-
neous CA state is reported after 52 seconds (indicated
by the green band) and at approximately 1.5 hours,
the lower limit (at which the signal begins to cotrend)
is indicated by the appearance of the red band as
the MAP drops. The LLA can now be easily identi-
fied as the boundary between the red region and the
green region. Figure 3 contains the final display of the
cotrending method output for each case for the whole
procedure.

The distribution of TCD reference LLAs is shown
in Figure 4A. The distribution of the 69 LLAs in this
study is consistent with those found in a recent study
by Hori et al.'” Half of the study patients exhibited an
LLA >60 mmHg, while 95% had an LLA >50 mmHg.
For comparison, the distribution of the LLAs from the
cotrending method can be seen in Figure 4B.

The Bland-Altman plot of the data is provided in
Figure 5A, demonstrating minimal mean bias (0.22
mmHg). The limits of agreement are 10.79 mmHg
(95% CI, 10.09-11.49) and -10.35 mmHg (95% CI,
—9.65 to —11.05). The associated scatterplot of the data
is shown in Figure 5B, which depicts the measured
LLA values (ie, the LLA calculated at each second by
the cotrending method) plotted against the reference
LLA values. The accuracy in terms of the per-patient
RMSDs between LLAs assessed with TCD and the
NIRS-based cotrending method has a mean equal to
4.52 mmHg (95% CI, 3.94-5.17). The mean uptime
was 99.40% (95% CI, 99.34-99.46) and the mean TTFP
was 63 seconds (95% CI, 58-71). Distributions of
these metrics can be found in Supplemental Digital
Content, Figure 2, http://links.lww.com/AA /C992.

The cotrending method was successful in generat-
ing an LLA for all patients in the cohort. Interestingly,
the method determined a change in the location of
the LLA on average 7.0 times per case, with the mean
of the standard deviations around the per-case mean
LLA being 3.4 mmHg.

DISCUSSION

The LLA determined with the new MAP and NIRS
cotrending method exhibited limits of agreement
around 10 mmHg from a near-zero mean bias com-
pared with the TCD CA reference for determining the
LLA. The corresponding mean RMSD was found to be
within 5 mmHg. Furthermore, the CA state was rap-
idly available (TTFP = 63 seconds) and the algorithm
posted a value for 99.4% of the data it encountered.
This approach for CA monitoring is a substantial
improvement compared to previous methods, because
TCD monitoring is difficult and time-consuming and
previous rSo,-based approaches require a long period

ANESTHESIA & ANALGESIA
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Figure 3. NIRS-based cotrending method output for all 69 cases showing the MAP signal (in white). The intact and impaired states are
depicted in green and red, respectively. The rSo, signals are also included in magenta. The cyan line is the combined manual LLA assessment;
the black dashed line is the LLA produced by the cotrending method. LLA indicates lower limit of autoregulation; MAR mean arterial pressure;
NIRS, near-infrared spectroscopy; rSo,, regional oxygen saturation.
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Figure 4. Cotrending algorithm per-
formance versus TCD reference. A,
Histogram of the LLA references taken
from TCD signal for the 69 patients in
this study. Many guidelines indicate
a blood pressure management of 50
or 60 mmHg, but approximately 50%
of patients have an LLA higher than
60 mmHg and 95% have an LLA >50
mmHg. B, Histogram of the LLAs calcu-
lated with our method. The distribution
strongly resembles the reference LLA
distribution. LLA indicates lower limit of
. autoregulation; NIRS, near-infrared spec-
40 60 80 troscopy; TCD, transcranial Doppler.
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Figure 5. Distributions of LLAs—

o cotrending algorithm and TCD refer-

25 Measured LLA Distribution ence. A, Bland-Altman plot of the data
displaying mean bias = 0.22 mmHg,
an upper LOA = 10.79 mmHg (95%

20 Cl, 10.09-11.49) and a lower LOA
= -10.35 mmHg (95% CI, —9.65 to

=15 —11.05). B, Scatter plot of individual
3 LLAs over time over all cases (bubble
O 10 sizes proportional to number of colo-
cated data points). The dashed line in

5 the middle represents the unity line,
which indicates a perfect agreement

ol between the method and the reference.

50 60 70 Cl indicates confidence interval; LLA,
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mmig of agreement.
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of data capture (30 minutes to several hours) to gener-
ate clinically meaningful information.

There is strong evidence in associative studies for
the link between adverse patient outcomes and the
time spent in an impaired state and depth reached
below the LLA.'*1718 In particular, managing patients
during CPB using traditional practices that are arbi-
trary (eg, 50-60 mmHg) will result in some patients
having their MAP below their LLA. This situation
is associated with risk for acute kidney injury, the
composite end point of major morbidity and mortal-
ity, stroke, and postoperative delirium. In a recent
nested analysis of a prospectively randomized
clinical trial, basing patient MAP targets on LLA
information was shown to reduce the frequency of
carefully assessed postoperative delirium compared
with usual care.®® Thus, a monitoring technology
based on the proposed rSo, method would enable
the clinician to rapidly respond intraoperatively
to MAP below the LLA, possibly reducing adverse
outcomes.

The cotrending method that we present is based
on a direct interpretation of signal gradients to
determine the degree of cotrending of contempo-
raneous rSo, and MAP signals. That is, above the
LLA, no cotrending behavior is expected since rSo,,
as a surrogate of CBF, would remain independent
despite fluctuations in systemic ABP. In contrast,
when below the LLA, MAP would cotrend with rSo,
because the autoregulatory mechanisms can no lon-
ger ensure constant CBF. The new method provides
an indication of the state of autoregulation within a
1-minute timeframe, thus providing a near real-time
feedback to the clinician on the status of the patient.
Importantly, autoregulation state was reported with
a high degree of reliability, demonstrated by the
reporting uptime of 99.4%. This is a crucial perfor-
mance parameter and, for less reliable methods, is
often sacrificed to retain a high accuracy. In fact, we
would advocate that accuracy and reliability should
always be provided when reporting such data in the
literature.

The fast, dynamic start-up time is an important,
if often overlooked, property of a monitoring tech-
nology because the clinician wants to be informed
of patient status as soon as possible. This is in stark
contrast to the CA methods based on Pearson correla-
tion between slow waves of MAP and CBF surrogates
where it takes 5 minutes to obtain a single data point
and a further 10 seconds to acquire each subsequent
data point, which is then binned, taking several hours
to accumulate enough data to delineate the LLA.
Several engineering characteristics that allow fast
start-up time (smaller window, disentanglement of
time, and blood pressure) also allow characterization
of changes in LLA intraoperatively. To be acceptable

1526 www.anesthesia-analgesia.org

for use in clinical practice, a range of performance
metrics must be met, including accuracy and uptime.
Further study is needed to define exact targets for
clinical acceptability. This is an emerging field with
much yet to learn about the clinical use of CA tech-
nologies. Interestingly, the presented method identi-
fied a change in the LLA an average of 7 times per
case. Further study is needed to understand the sig-
nificance of this observation and the factors that may
affect CA during surgery.

Because the CA state is determined by comparing
rSo, and MAP trends, it is essential for any CA tech-
nology to have reliable and noise-free rSo, and MAP
signals. We found the rSo, signal collected from the
NIRS device to be adequate for our purposes. Indeed,
the rSo, is usually much more reliable and easier to use
than the TCD reference signal—the TCD signal acqui-
sition requires constant vigilance and expert training
to collect a reliable, continuous signal, whereas rSo, is
collected simply by applying 2 sensors to the patient’s
forehead.

A major strength of the proposed method is in its
continuous real-time feedback on patient CA status,
thus allowing for prompt corrective action to be taken
by the clinician. Clinically important information
is presented in a simple red/green color scheme to
allow easy identification of autoregulation state by a
clinician in real time. In practice, the autoregulation
management task is reduced to keeping the patient’s
MAP in the green zone.

Many have reported on the difficulties in obtaining
good-quality TCD data.3'3* We did remove much of
the noisy TCD data to ensure as good a “gold stan-
dard” reference as possible, but it is possible that
some noisy data may still have gotten through to the
analysis; in which case, an error in the reference signal
would propagate into the performance metric calcula-
tions, hence increasing their values. Another possible
source of error stems from how well rSo, behaves as a
proxy for flow. There may be circumstances in which
rSo, does not behave in the same manner as flow in
the brain (eg, during changes in arterial oxygen satu-
ration). We suspect that these changes may be caused
by partial pressure of carbon dioxide (Paco,), depth
of volatile anesthesia, interaction with other drugs, or
the patient going on bypass; however, this is specula-
tive, and considerably more research needs to be con-
ducted to address this topic.

In summary, we have demonstrated a cotrending
methodology that has promise for reliably differenti-
ating impaired and intact patient CA. Because NIRS
monitoring provides a simple, continuous output, these
methods may allow for widespread patient-tailored
blood pressure management and potentially improved
patient outcomes by individualizing ABP during sur-
gery to remain within the intact CA range. 58
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