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Abstract

Background Transcranial Doppler (TCD) noninvasively
measures cerebral blood flow (CBF) velocity and is a well-
studied method to monitor cerebral autoregulation (CA).
Near-infrared spectroscopy (NIRS) has emerged as a
promising noninvasive method to determine CA continu-
ously by using regional cerebral oxygen saturation (rSO,)
as a surrogate for CBF. Little is known about its accuracy
to determine CA in patients with intracranial lesions. The
purpose of this study was to assess the accuracy of rSO,-
based CA monitoring with TCD methods in comatose
patients with acute neurological injury.

Methods Thirty-three comatose patients were monitored at
the bedside to measure CA using both TCD and NIRS.
Patients were monitored daily for up to three days from
coma onset. The cerebral oximetry index (COx) was cal-
culated as the moving correlation between the slow waves
of rSO, and mean arterial pressure (MAP). The mean
velocity index (Mx) was calculated as a similar coefficient
between slow waves of TCD-measured CBF velocity and
MAP. Optimal blood pressure was defined as the MAP
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with the lowest Mx and COx. Averaged Mx and COx as
well as optimal MAP, based on both Mx and COx, were
compared using Pearson’s correlation. Bias analysis was
performed between these same CA metrics.

Results The median duration of monitoring was 60 min
(interquartile range [IQR] 48-78). There was a moderate
correlation between the averaged values of COx and Mx
(R = 0.40, p = 0.005). Similarly, there was a strong cor-
relation between optimal MAP calculated for COx and Mx
(R =0.87, p < 0.001). Bland—Altman analysis showed
moderate agreement with bias (+standard deviation) of —
0.107 (£0.191) for COx versus Mx and good agreement
with bias of 1.90 (£7.94) for optimal MAP determined by
COx versus Mx.

Conclusions Monitoring CA with NIRS-derived COx is
correlated and had good agreement with previously vali-
dated TCD-based method. These results suggest that COx
may be an acceptable substitute for Mx monitoring in
patients with acute intracranial injury.

Keywords Cerebral oximetry - Transcranial Doppler -
Blood flow velocity - Cerebral perfusion -
Near-infrared spectroscopy - Cerebral autoregulation

Introduction

Cerebral autoregulation (CA) is considered one of the most
important physiological mechanisms to maintain a constant
cerebral blood flow (CBF) and prevent hypo- or hyper-
perfusion, despite changes in arterial blood pressure (ABP)
[1]. Transcranial Doppler (TCD) is frequently used in
critical care settings to assess cerebral hemodynamics [1].
The mean velocity index (Mx) is the TCD-based mea-
surement used in CA monitoring, by correlating cerebral
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blood flow velocity (CBFV) of the middle cerebral artery
(MCA) either with the mean arterial pressure (MAP) or
with cerebral perfusion pressure (CPP) [2, 3]. However,
TCD has many limitations including the need for technical
training, high susceptibility to motion artifact, and lack of
temporal insonating windows in 5-10% of patients [4].

Near-infrared spectroscopy (NIRS) is a noninvasive
device that measures regional cerebral oxygen saturation
(rSO,), which can be used as a surrogate of CBF to mea-
sure CA [5, 6]. The cerebral oximetry index (COx) is
calculated by the moving correlation between the slow
waves of rSO, and MAP [6]. rSO, is a measure of the
balance between cerebral oxygen delivery (to which CBF
is a major contributor) and utilization (associated with
cerebral metabolic rate for oxygen) [7]. Unlike TCD, NIRS
requires minimal operator intervention, provides a contin-
uous output, and is not subject to motion artifact [8—11].
Brady and colleagues reported a significant correlation and
agreement between TCD-based Mx and COx in adult
patients undergoing cardiopulmonary bypass [5]. CA
monitoring in patients with acute neurological injury using
NIRS-directed CA monitoring has not been compared with
TCD-based Mx. The present study aimed to assess the
correlation between the TCD-based Mx and the NIRS-
based COx in patients with acute neurological injury
causing coma and to compare the optimal MAP calcula-
tions derived from both technologies.

Methodology
Type of Study

A prospective observational cohort study was conducted in
the neurocritical care unit (NCCU) at the Johns Hopkins
Hospital from March 2013 to December 2015. Comatose
patients from different etiologies underwent CA monitor-
ing simultaneously using NIRS and TCD within the first
12-48 h from coma onset. All procedures received the
approval of the Johns Hopkins Medical Institutions Review
Board. Written informed consent was not required because
of the low risk and conventional nature of the procedures in
this patient population.

Patients

Coma status was defined as a Glasgow Coma Scale (GCS)
score <8. Exclusion criteria included unresponsiveness not
primarily due to coma (i.e., aphasia, sedation, or residual
anesthesia). All patients had direct ABP monitoring in
place using a catheter in the radial or femoral artery. The
pressure transducers were leveled at the heart. Some
patients required mechanical lung ventilation. Authors

extracted sociodemographic characteristics (i.e., age, race,
and gender), clinical characteristics, and coma etiology
from the medical record. All data were placed in a database
devoid of protected health information. We excluded
patients who were younger than 18 years old and who had
withdrawal of active treatment in the first 48 h.

Autoregulation Monitoring

Patients were monitored daily for up to 3 days after the
enrollment. The neuromonitoring was interrupted or ter-
minated if the patient’s arterial line was removed, and the
patient was taken to the operating room or the radiology
suite for brain imaging, or death occurred.

NIRS-Based Autoregulation Monitoring

The patients were connected to a NIRS INVOS™ 5100
(cerebral/somatic oximetry monitor, Covidien, Boulder,
CO) using self-adhesive sensors attached to each side of
the forehead. The sites of NIRS monitoring were not dif-
ferent in patients with frontal lesions. Analog ABP signals
were obtained from the hemodynamic monitor and were
processed using a DT9800 data acquisition module (Data
Translation Inc, Marlboro, MA). These signals and the raw
digital NIRS signals were analyzed using ICM+ software
(University of Cambridge, Cambridge, UK), as described
previously [9, 12, 13]. ABP and NIRS signals were filtered
to focus on low-frequency slow vasogenic waves, which
have been shown to be a valid objective measure of CA
[9, 12, 13]. Specifically, slow, synchronized waves of
periods from 20 s to 2 min, as seen in cerebral blood
velocity, and traditionally used for the assessment of
cerebral dynamic autoregulation can also be observed in
NIRS [7]. Slow fluctuations in cerebral oximetry as
detected by NIRS coincide with intracranial pressure (ICP)
slow waves and increased during periods of exhausted
cerebrospinal compensatory reserve. This observation led
to the conclusion that NIRS may be used as a noninvasive
marker of increased ICP slow waves (and therefore reduced
CSF compensatory reserve) [14]. The signals were filtered
as non-overlapping 10-s mean values that were time-inte-
grated, which is equivalent to having a moving average
filter with a 10-s time window and resampling at 0.1 Hz,
eliminating high-frequency noise resulting from respiration
and pulse waveforms, while allowing detection of oscilla-
tions and transients occurring <0.05 Hz [9]. A continuous,
moving Pearson correlation coefficient between changes in
MAP and rSO, was calculated rendering the variable COx.
Functional autoregulation is indicated when COx approa-
ches zero (i.e., no correlation between rScO, and ABP),
while COx approaching 1 indicates impaired autoregula-
tion. Averaged COx within each 10-s window was
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collected as 30 data points to monitor each COx in a 300-s
window. Right and left sides were monitored on all
patients, and an average COx from both sides was calcu-
lated for correlation analysis.

TCD-Based Autoregulation Monitoring

Right and left MCA CBFV was measured with TCD
monitoring (Doppler Box; DWL, Compumedics, Charlotte,
NC, USA) using two 2.5-MHz transducers fitted on a
headband. The depth of insonation was varied until rep-
resentative spectral artery flow was obtained typically
between 35 and 55 mm. The signals were also filtered to
remove noise from Doppler signals. A linear (Pearson’s)
correlation coefficient performed between 30 paired sam-
ples of 10 s averages of MAP and CBFYV yields a right and
left Mx. We excluded recordings with CBFV less than
25 cm/s as we assumed those measurements did not reflect
the MCA CBFV (lowest expected limit 32 cm/s) [15].

Calculation of Optimal MAP

The right and left COx and Mx measurements from the
onset of monitoring were binned into 5S-mmHg increments
of MAP for analysis. Optimal MAP for each side was
defined as the MAP with the best autoregulation (i.e., MAP
with the lowest COx and Mx) [10, 16, 17]. The right and
left optimal MAP were averaged to define the individual
patient optimal MAP, when there was only one-side
recording that was taken as the individual optimal MAP.

Statistical Analysis

Patient descriptive characteristics and categorical data were
presented as absolute frequencies and percentages. Quan-
titative data were presented as mean £ standard deviation
(SD) or as medians plus interquartile ranges (IQR), where
appropriate. Non-normality distribution of the data was
observed using Shapiro—Wilk test; therefore, the data were
analyzed using nonparametric techniques. According to the
normal distribution of the data, Pearson (for normal dis-
tribution) or Spearman’s (for non-normal distribution)
correlation was used for determining the relationship
between the NIRS-based index (i.e., COx) and the TCD-
based measurements (Mx). Bland—Altman bias analysis
was used to compare the differences in COx and Mx versus
the average of these values [18]. Right and left recording
data were averaged for correlation analysis. ANOVA test
and Bonferroni correction were used to determine the sta-
tistical significance between nonparametric variables.
Mann—Whitney U tests or ¢ tests were used to compare
normally distributed quantitative data between subgroups.
A p value of <0.05 was considered significant. All
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analysis was performed using STATA version 13.0 (Stata
Corp, College Station, TX).

Results

Thirty-three comatose patients were included. The median
number of one-hour recordings per patient was 2 (IQR
1-3). There were a total of 67 recordings. Only 42
recordings out of 67 were adequate for calculating opti-
mal MAP, and the analyses were performed using those
recordings. The reasons for exclusion were: lack of tem-
poral window (three recordings), poor patient cooperation
causing TCD probe instability (five recordings), not
enough recorded time to calculate optimal MAP (seven
recordings), inability to calculate optimal MAP due to
impaired autoregulation during the full duration of moni-
toring (seven recordings), and CBFV less than 25 cm/s
(two recordings). NIRS was successfully monitored in all
patients. The mean age (£SD) was 59.9 + 15.3 years. The
sample included predominantly women (63.6%), and the
most frequent coma etiology was intracerebral hemorrhage
(ICH) (39.4%). Baseline clinical characteristics of the
patients enrolled in this study are listed in Table 1. Both
left- and right-sided measurements of TCD monitoring
were averaged in 52.4% (22/42), while the remainder of the
recordings utilized unilateral data (47.6%, 20/42). Lack of
contralateral side data was due to TCD probe instability,
patients with hemicraniectomy or invasive ICP monitors
with dressings covering one frontal lobe. The median
duration of monitoring per recording was 60 min (IQR
41-76 min). The median MAP during monitoring was
88.8 mmHg (IQR 82.7-105.3 mmHg), the median rSO,
was 58.2 (48.3-65.4), and the median MCA CBFV was
44.4 cm/s (35.2-51.6 cm/s).

The Pearson correlation between COx and Mx was
R = 0.40 (Fig. 1a; p = 0.005). Paired within-subject bias
was —0.106 for the correlation (Fig. 1b; 95% CI prediction
interval for the difference between both indices = —0.48
to 0.27). The median optimal MAP calculated by COx was
85 mmHg (IQR 80-107.5 mmHg). The median optimal
MAP by Mx was 90 mmHg (IQR 80-100 mmHg). There
was a strong correlation between these two measures
(Pearson R = 0.87, p < 0.001, Fig. 2a). The paired
within-subject bias was 1.9 for the latter correlation
(Fig. 1b; 95% CI prediction interval for the difference
between both indices = —13.7 to 17.5).

The results from this study population do not take into
account lesion asymmetry and the potential differential
impact of hematomas, subarachnoid blood, or cerebral
edema on changes in cerebral oxygenation and CBF.
Comparison of left and right sides where available (40
recordings on the left side and 23 on the right side) yielded



Neurocrit Care (2017) 27:362-369

365

Table 1 Patient demographic and clinical characteristics

Variable Value
No. of patients 33
Female gender 21 (63.6%)
Mean age, years (mean £ SD) 599 £ 153
Race
African-American 15 (42.4%)
Caucasian 14 (45.4%)
Hispanic/Latino 2 (6.1%)
Asian 2 (6.1%)
Mortality 15 (45.4%)
Brain herniation 10 (30.3%)
GCS at monitoring, median (IQR) 716, 7]
Frontal lesions, number of patients 6 (18.2%)
Left-sided lesions 4 (12%)
Right-sided lesions 4 (12%)
MCA lesions, number of patients 9 (27.3%)
Left-sided lesions 3 (9%)
Right-sided lesions 7 (21.2%)
Coma etiology
Intracerebral hemorrhage 13 (39.4%)
Subarachnoid hemorrhage 12 (33.3%)
Traumatic brain injury 3 (9.1%)
Status 2 (6.1%)
Ischemic stroke 2 (6.1%)
Cardiac arrest 1 (3.0%)
Sedation
No sedation 12 (52.3%)
Fentanyl 11 (47.8%)
Recordings per patient, median (IQR) 2 [1-3]

rSO,, median (IQR) (%)
MCA CBFV, median (IQR) (cm/s)

58.2 [48.3-65.4]
44.4 [35.2-51.6]

Data listed as no. of patients with percentage in parenthesis

CBFYV cerebral blood flow velocity, GCS Glasgow Coma Scale score,
IQR interquartile range, MCA middle cerebral artery, »nSO, regional
cerebral oximetry index, SD standard deviation

a correlation coefficient of R = 0.47 (p = 0.002) between
left Mx vs left COx, and R = 0.46 (p = 0.027) between
the right Mx and right COx.

Impact of Frontal Lesions on Mx Versus COx
Correlation

There were six patients who had frontal lesions. Compar-
ison of left and right Mx and COx after removal of these
six patients did improve the side-to-side correlation coef-
ficients. After excluding patients with frontal lesions (in
total there were 36 recordings on the left side and 19 on the

right side), we found a correlation coefficient of R = 0.502
(»p = 0.002) between left Mx versus left COx, and
R = 0.609 (p = 0.006) between the right Mx and right
COx.

Discussion

Our data show that in patients with acute neurological
injury the CA indices COx and Mx demonstrated mod-
erate correlation and agreement. Furthermore, we found a
strong correlation and agreement between the optimal
MAP calculated by COx and Mx. These results demon-
strate that NIRS-derived COx is an acceptable substitute
for TCD-derived Mx monitoring in patients with
intracranial injury for CA monitoring and the calculation
of optimal MAP.

Our study provides evidence for the feasibility of stand-
alone bedside CA monitoring with cerebral oximetry in
general populations of comatose patients with acute brain
injury. Coma is a frequent disorder of consciousness and
awareness in the intensive care unit [19], and most patients
with acute coma are at increased risk of perturbations in
cerebral perfusion due to increased vascular permeability
and reduced CBF associated with neuronal inflammation
and tissue damage [20]. Abnormal CBF may be a signifi-
cant factor in the pathogenesis and complications of coma.
Therefore, bedside CA monitoring with COx and calcula-
tion of optimal MAP may have an important utilization in
the critical care setting.

Our findings of good correlation and agreement between
the two CA monitoring techniques are in agreement with
other studies that examined different populations (i.e.,
subarachnoid hemorrhage [SAH], sepsis, migraine, and
cardiac surgery), utilizing two types of NIRS for calcula-
tion of rSO; (i.e., INVOS™ 5100 [Covidien, Boulder, CO]
vs. NIRO 300 [Hamamatsu Photonics, Hamamatsu city,
Japan]) [5, 7, 11, 13, 21-25]. These two NIRS devices use
different measurement techniques for measuring regional
tissue oxygen saturation and different algorithms for its
calculation. The INVOS uses two wavelengths of near-
infrared light (730 and 810 nm) and measures the ratio of
oxyhemoglobin (HbO,) to total hemoglobin (HbT), yield-
ing rSO, (%). The NIRO monitor uses four wavelengths of
near-infrared right (775, 825, 850, and 904 nm) and mea-
sures the tissue oxygen index (TOI) (%), which is also the
ratio of HbO, to HbT [26]. A study comparing these two
NIRS devices found only moderate agreement between
TOI and rSO,, r =058, p < 0.01 [26]. Thus, the
advantages of this technology include that it has been
validated in several different populations and has shown
consistent results. The disadvantages are that the calcula-
tion of regional tissue oxygen saturation may vary between
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devices and rSO, itself is dependent on other physiological
variables as detailed below.

Our results extend prior investigations that have vali-
dated COx in laboratory and clinical investigations.
Table 2 shows a summary of these studies assessing the
correlation between cerebral oximetry and TCD-based
measurements. Brady and colleagues [5] proposed that
monitoring COx in a vascular territory distinct from the
MCA, where Mx was calculated, might be an explanation
for why the correlation between COx and Mx, while sig-
nificant, is not as strong as the correlations between other
CA indices. The use of NIRS as a surrogate of CBF for CA
monitoring is based on assumptions that other determinants
of rSO; (i.e., tissue oxygen diffusivity, cerebral metabolic
rate of oxygen, and temperature) are relatively stable over
the low frequencies of vasoreactivity that mediate CA.
Other physiological variables that alter brain oxygen sup-
ply and demand may affect rSO,. These include cardiac
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output, pulmonary function, systemic hypoxemia, acid-
base status, and partial pressure of carbon dioxide, which
affect not only the hemoglobin saturation for a given partial
pressure of oxygen but also CBF [27]. These variables may
confound the relationship between rSO, and changes in
MAP as in during hyperventilation for cerebral herniation,
or in during therapeutic manipulation of blood pressure or
cardiac output for SAH. Thus, the differences in tech-
nologies and local changes in physiology may also explain
the moderate correlation between COx and Mx. Although
there is heterogeneity among the studied populations in the
studies described in Table 2, five out of six studies con-
firmed a significant relationship between cerebral
oximetry-based CA monitoring and other TCD-based
measurements (i.e., CBFV, Mx based on ABP, Systolic
index, and Mx-CPP). Differences noted between the car-
diac surgery studies and other populations may be due to
lower rSO, values often seen after induction of general
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Table 2 Summary of studies assessing the correlation between cerebral oximetry index or tissue oxygen index and other cerebral autoregulatory

indices
Study Patients Recordings,  Type Population = Correlated  Statistical analysis Result
n (min) of with
NIRS
Steiner 23 81 (60 min) NIRO  Sepsis TOI versus Pearson correlation, r=0.81, p < 0.0001
et al. [7] Mx-CPP average recordings of
both sides
Zweifel 27 51 NIRO SAH TOI versus Pearson correlation of r=0.52, p = 0.0001
et al. [24] (73.5 min) Mx-CPP individual recordings of
both sides
Brady etal. 60 60 INVOS Cardiac COx Pearson correlation of r=0.55, p < 0.0001
[5] (100.5 min) surgery versus individual recordings of
Mx-ABP both sides
Budohoski 66 321 (30 min) NIRO SAH TOI versus Pearson correlation of r=0.36, p < 0.0001
et al. [13] Sx individual recordings of
both sides
Onoetal. 70 70 (NA) INVOS Cardiac COx Pearson correlation of r=0.51, p < 0.001
[9] surgery versus individual recordings of
Mx-ABP both sides
Bergetal. 10 15 (20 min) INVOS  Sepsis COx Spearman correlation, VLF, r =0.29, p = 0.3; LF,
[25] versus average recordings of r = 0.26, p = 0.34; HF,
Mx-ABP both sides r=0.26, p = 0.58.
Present 23 57 (60 min) INVOS Comatose COx Pearson correlation, r = 0.40, p = 0.005
study population  versus average recordings of

Mx-ABP

both sides

CBFV cerebral blood flow velocity, HF high frequency, jSO, jugular oxygen saturation, LF low frequency, Mx-ABP mean velocity index based
on arterial blood pressure, Mx-CPP mean velocity index based on cerebral perfusion pressure, NA not available, NIRS near-infrared spec-
troscopy, rSO, regional cerebral oximetry index, SAH subarachnoid hemorrhage, Sx systolic pressure index, 7O tissue brain oxygen index, VLF

very low frequency

anesthesia in cardiac bypass patients. Procedure-related
factors (e.g., unilateral and bilateral antegrade cerebral
perfusion during surgery of the aorta) may also affect
oxygenation/perfusion of each hemisphere in a different
way [27]. Experimental studies in animals have also shown
good agreement between COx and autoregulatory indices
using hemodynamic conditions [6, 28].

The results of this study represent new observations
demonstrating good agreement between two methods of
CA monitoring in a diverse population with acute coma
and large intracranial lesions (ICH, SAH, traumatic brain
injury with contusions, extradural collections). Discor-
dance between these measurements may also occur
because of frontal or MCA lesions, such as frontal or
temporal hemorrhages altering the local hemodynamics,
or causing vessel stenosis. Our sample size is too small to
comment on these differences; however, when we
removed the recordings with frontal lesions from the
analysis (six patients), the correlation coefficient
improved from R = 0.4 to 0.6, suggesting that frontal
lesions may have altered NIRS calculations. Discordance
may also occur because changes in cerebral oxygenation
are much less pronounced than associated blood flow
changes, as previously described by Reinhard et al. [29].

Lastly, both COx and Mx based on ABP do not take into
account ICP measurements, and it has been demonstrated
that there may not be a strong correlation between Mx
based on MAP and the most validated index of CA,
pressure reactivity index in patients with sustained
intracranial hypertension of above 30 mmHg [12].

This study has a number of limitations. The sample size
was small, but was comparable to other similar studies
(Table 2). Another limitation is the presence of heteroge-
neous lesions in a population with acute coma. The
presence of intracranial hematoma, cerebral edema, and
subarachnoid blood are all potential confounders of the
NIRS technique and may invalidate some of the assump-
tions upon which NIRS algorithms are based. However, it
was our intention to determine the potential role of NIRS in
a general population, for the purpose of understanding
whether NIRS could be used reliably in coma of various
etiologies. It is not known whether targeting NIRS to the
side of pathology compared to bilateral monitoring
improves the prediction of optimal MAP or prognostic
utility. Further analysis of NIRS by coma etiology, lesion
location, and underlying pathophysiology (vasospasm,
edema, ischemia, etc.) will require larger populations.
Known limitations of CA studies utilizing TCD are the
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need for frequent transducer repositioning and the inability
to obtain a transcranial “window” in some patients. This
latter limitation led to the exclusion of ten patients. The
calculation of cerebral autoregulation using NIRS requires
the ICM plus software. This software must be purchased
from the Cambridge group with an expensive license cost
[30]. The use of the software may be time-consuming due
to technical challenges. The aim of this study was to
determine the correlation between optimal MAP measured
by NIRS and TCD. Therefore, the included sample of
patients is limited to those with intact autoregulation,
which is a prerequisite to calculate optimal MAP. We did
not study how measurement of impaired autoregulation
correlated between these two methods. This study is
methodological in terms of assessing CA, although treat-
ment options for the injured brain go beyond the concept of
CA. Finally, monitoring CA using these methods relies on
spontaneous fluctuations in MAP. The absence of such
fluctuations in some patients or a MAP that never crosses
the autoregulation threshold may yield low COx values.

Conclusions

Monitoring CA with NIRS-based COx exhibited moderate
but significant correlation with previously validated TCD-
based methods. These results suggest that NIRS-derived
COx may be an acceptable substitute for Mx monitoring of
patients with acute neurological injury.
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