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Abstract

Background—The Glasgow Coma Scale (GCS) is an essential coma scale in critical care for
determining the neurologic status of patients and for estimating their long-term prognosis.
Similarly, cerebral autoregulation (CA) monitoring has shown to be an accurate technique for
predicting clinical outcomes. However, little is known about the relationship between CA
measurements and GCS scores among neurological critically ill patients. This study aimed to
explore the association between non-invasive CA multimodal monitoring measurements and GCS
scores.

Methods—Acutely comatose patients with a variety of neurological injuries admitted to a
neurocritical care unit were monitored using near-infrared spectroscopy (NIRS) based multimodal
monitoring for up to 72 hours. Regional cerebral oxygen saturation (rScO5,), cerebral oximetry
index (COx), GCS, and GCS motor data were measured hourly. COx was calculated as a Pearson
correlation coefficient between low-frequency changes in rScO, and mean arterial pressure
(MAP). Mixed random effects models with random intercept was used to determine the
relationship between hourly NIRS-based measurements and GCS or GCS motor scores.

Results—A total of 871 observations (hours) were analyzed from 57 patients with a variety of
neurologic conditions. Mean age was 58.7 + 14.2 years and the male to female ratio was 1:1.3.
After adjusting for hemoglobin and PaCO,, COx was inversely associated with GCS ( p=-1.12,
95%CI1=-1.94 to -0.31, P=0.007) and GCS motor score ( p=—1.06, 95%CI=-2.10 to -0.04,
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P=0.04). In contrast rScO, was not associated with GCS ( p=-0.002, 95%CI=-0.01 to 0.01,
P=0.76) or GCS motor score ( p=—0.001, 95%CI=-0.01 to 0.01, P=0.84).

Conclusions—This study demonstrated that fluctuations in GCS scores are inversely associated
with fluctuations in COx; as COx increases (impaired autoregulation), more severe neurological
impairment is observed. However, the difference in COx between high and low GCS is small and
warrants further studies investigating this association. CA multimodal monitoring with COx may
have the potential to be used as a surrogate of neurologic status when the neurologic examination
is not reliable (i.e. sedation and paralytic drug administration).
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Introduction

The Glasgow Coma Scale (GCS) is the most commonly used and well validated coma scale
to rapidly assess the patient’s neurological status.(1) This scale was created by Jennett &
Teasedale in the early 1970’s and has been the gold standard of continuous neurological
assessment for critically ill patients.(2) It is not only reliable, but simple to use at the time of
injury and for subsequent patient monitoring.(1,3) More importantly, there is strong
evidence supporting the use of post-resuscitation admission GCS score as a predictor of
long-term prognosis of patients with acute traumatic brain injury (TBI) and other
neurological illnesses including aneurysmal subarachnoid hemorrhage (aSAH), intracerebral
hemorrhage, and ischemic stroke.(3-7) GCS is composed of three different components
assessing different responses including best verbal, best eye, and best motor responses. The
motor component is more descriptive than the total GCS score and has shown to have
similar predictive value as the full GCS score for patients with acute TBI, ICH, and ischemic
stroke.(8-12)

Near-infrared spectroscopy (NIRS) monitoring is a developing technique that allows real-
time monitoring of regional cerebral oxygen saturation (rScO,),(13) which is a clinically
acceptable surrogate of CBF and can be utilized to monitor dynamic cerebral autoregulation
(CA) at the bedside.(14) NIRS-derived measurements of CA have been validated in
comatose patients against TCD derived measurements of CA.(15) Further, NIRS is a
practical monitoring device because it is non-invasive, it allows for prolonged continuous
monitoring, and it does not require technical skills for maintenance. There is current interest
in understanding the relationship between GCS and rScO5;(16-19) however, only one study
observed acceptable agreement between rScO, and GCS measured on admission.(17)
Furthermore, the relationship between NIRS derived indices of CA with GCS has not been
studied. Whether fluctuations in GCS during the acutely ill period are associated with
alterations in NIRS-based measurements of CA is not known. This potential application
would have direct implications for monitoring neurological status when neurological
examination is not reliable (i.e. sedation and paralytic drug administration). This study
aimed to explore the association between hourly GCS and GCS motor scores and NIRS-
based bedside measurements during the first 72 hours after coma onset.
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This is a prospective study that was performed in the Neuroscience Critical Care Unit
(NCCU) at The Johns Hopkins Hospital between March of 2013 and December of 2015.
Adult comatose patients with acute neurological injury were included in the study. Coma
was defined as GCS < 8, not due to aphasia or sedation. Patients were monitored for up to
three consecutive days with NIRS at the bedside. All procedures received the approval of
The Johns Hopkins Medical Institutions Review Board and the written informed consent
was not required because of the low risk and conventional nature of this type of non-invasive
neuromonitoring.

Data Collection

General information included demographics, medical history, brain imaging data, laboratory
results, and outcomes. GCS and its component GCS motor score, MAP (mean arterial
pressure), rScO, and COXx (cerebral oximetry index) values were recorded hourly for each
day of monitoring. COx is a CA index derived from the correlation between rScO, and
MAP. There were two values of both rScO, and COx for the two probes placed on both the
right and left sides of the forehead. Routinely, neurocritical care patients are kept on minimal
or no sedation to allow for neurological exams assessments. GCS was recorded hourly and
sedation was suspended for a duration that ensured elimination of pharmacodynamic effects
prior to bedside assessments.

NIRS-Based Autoregulation Monitoring

Within 24 hours of admission to the NCCU, rScO, monitoring was begun using two NIRS
sensors (Invos 5100, Medtronic/Covidien, Boulder, CO) placed bilaterally on the patient’s
forehead. Simultaneously, a DT9800 data acquisition module (Data Translation Inc,
Marlboro, MA) processed the analog MAP signals from the patient’s hemodynamic monitor.
Both of these signals and the raw digital NIRS signals were analyzed using the ICM+
software (University of Cambridge, Cambridge Enterprise, Cambridge, UK, http://
www.neurosurg.cam.ac.uk/icmplus), as described previously.(20) In order to obtain the slow
vasogenic waves mediating CA, the arterial blood pressure and NIRS signals were filtered as
non-overlapping 10-second mean values that were time-integrated. Averaged COx within
each 10-second window was collected as 30 data points to monitor each COx in a 300-
second window. A continuous, moving Pearson’s correlation coefficient between changes in
MAP and rSO, was calculated rendering the variable, COx. A COx value approaching zero
indicates functional autoregulation (7.e., no correlation between rSO, and ABP), whereas a
COx value approaching 1 indicates impaired autoregulation. Each monitoring file was
examined for artefact at a time scale of one hour. If any apparently irregular or artefactual
recordings were present, the section was excised. The CO, values were collected as the
closest ones to the time of monitoring and an average was then calculated. In our
neuracritical care unit the CO, is at least measured daily if no further changes are made to
the ventilator. If there are any adjustments made to the ventilator, then a new arterial blood
gas is obtained. Hb was also collected as the closest one to the time of monitoring. In our
neuracritical care unit Hb is at least measured daily if the value is stable compared to prior
days.
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Statistical Analysis

Results

Descriptive characteristics of the sample were analyzed by using the statistical software
Stata version 13.0 (Stata Corp, College Station, TX). We calculated the average of NIRS-
based measurements of both right and left sides for each hour and if only one side was
recorded, that was the value used. Mixed random effects models with random intercept were
used to determine the relationship between NIRS-based measurements (rcSO, and COx) and
GCS scores extracted each hour from the patients. Mixed random effects models are the
ideal methods to estimate within-patient associations by using clustered data.(21-24) The
relation was adjusted for hemoglobin and carbon dioxide arterial pressure (pCO,). A P value
of < 0.05 was considered as significant.

Patient Characteristics

A total of 57 patients were included in the study. The summary of patient characteristics can
be found in Table 1. 43.9% were males with a mean age of 58.7 + 14.2 years. Of the patients
studied, a majority had ICH (43.8%), 24.5% had SAH, 12.3% TBI, 7% ischemic stroke, 7%
status epilepticus, and 1.8% with meningitis, ventriculitis, and cardiac arrest. 29.8% of
patients had a left or right frontal lobe lesion. There was 871 hours of NIRS monitoring and
GCS data available for analysis. The median duration of monitoring for each patient was 28
hours (IQR: 15 — 47).

Cerebral autoregulation and GCS

An inverse relationship between COx and GCS as well as GCS motor score was observed.
There was a decrease in COx (intact autoregulation) when GCS improves and an increase in
COx (impaired autoregulation) when GCS worsens. This inverse relationship between COx
and GCS score can be seen clearly in Figure 1. COx was significantly inversely associated
with GCS ( p=-1.12, 95%CI1=-1.94 to —0.31, P=0.007) and GCS maotor scores ( p=—1.06,
95%CI=-2.10 to —0.04, P=0.04) after adjusting for hemoglobin and PaCO,.

Cerebral oximetry and GCS

In contrast, rScO, was not associated with GCS ( p=-0.002, 95%CI1=-0.01 to 0.01, P=0.76)
or GCS motor score ( p=—0.001, 95%CI1=-0.01 to 0.01, P=0.84).

Discussion

In this prospective cohort of 57 acutely brain injured comatose patients, we found that there
was a linear, inverse association between COx and GCS scores. As patients’ neurological
exam worsens and GCS scores decrease, COx values also worsen or increased. These results
may support that increasing severity of neurological injury is associated with more impaired
cerebral autoregulation whereby cerebral blood flow is perfusion pressure dependent. These
results support the potential use of non-invasive CA monitoring derived from NIRS to
provide a tool that reflects fluctuations of GCS score when the neurological examination is
not feasible or unreliable (i.e. heavy sedation or paralysis administration).

J Neurosurg Anesthesiol. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Healy et al.

Page 5

GCS (and the GCS motor score) provides a strong prognostic value for neurologically
critically ill patients. Decisions such as daily management plans are reliant on an accurate
determination of the neurologic function that may be difficult in the presence of sedated
patients.(25) In instances such as refractory intracranial hypertension with poor intracranial
compliance controlled with heavy sedation like propofol and/or pentobarbital, stopping
sedation to obtain a neurologic examination can lead to increase of intracranial pressure.
Similarly, in patients with severe ARDS and severe hypoxemia, stopping sedation to foster
neurological examination can lead to worsening oxygenation(26), further compounding the
consequences.(27) Nevertheless, to prevent secondary injury and worsening of neurologic
function, a method is needed to accurately assess neurologic examination. In those instances
where the neurologic function cannot be assessed, CA using multimodal monitoring with
NIRS can be used as a surrogate of a patient’s neurological state.

In our study, the variation of COx was observed to be less than observed in patients studied
under different clinical conditions, such as patients studied using NIRS undergoing cardiac
bypass. However, in patients with intracranial injury secondary to aneurysmal subarachnoid
hemorrhage, the cut-off for delayed cerebral ischemia was found to be 0.1, a more subtle
alteration in COx. Experimental studies in animals with induced coma have found that the
CA plateau extends over a wider CPP range compared to awake animals and, consequently,
the CA indices are more negative, have less variability and are closer to zero.(28) By
lowering the brain’s oxygen demand, the cerebral vessels constrict at normal MAP and
thereby have a greater vasodilatory reserve to handle a low MAP resulting in a plateau for
CA which extends over a wider CPP range. Compared to studies of patients undergoing
CPB, we would not expect the cerebrovascular responsivity in comatose patients to yield
identical COx thresholds for autoregulation. The physiology of the former is impacted by
exposure to volatile anesthesia rather than neurological injury, the latter state in which the
anesthetics specifically vasodilate cerebral blood vessels.(29) These patients also have a
lower hematocrit and possibly more atherosclerosis that may affect the limits of CA. The
difference of variability of COx in our study compared with other studies can also perhaps
be explained due to the little variation of rSO2 seen in our patients who, contrary to patients
undergoing CABG, are not exposed to rapid changes of blood pressure or cerebral perfusion.
(15,30-33)

Multimodal monitoring of CA with NIRS monitoring is able to continuously calculate a
cerebral autoregulation index, COx. (34) In this study, we found that GCS score fluctuations
are inversely related with COx fluctuations, meaning that higher COx values are associated
with decreasing or worsening GCS scores. High COx values indicate impaired CA and poor
outcomes.(15) Some pathophysiological mechanisms can be proposed to explain the
relationship between GCS and COx such as the decreased cerebral uptake of oxygen
observed in coma that is clearly reflected in the NIRS measurements, (35) disturbances in the
metabolism and hemodynamic parameters may also explain the relation between the
neurologic deterioration and impaired CA.(36) Impaired CA defined by other CA indices
and its association with long term outcomes has also been studied. Impaired CA defined by
the pressure reactivity index (PRx) and mean velocity index (Mx) have been shown to be
significantly associated with worse 3-month outcomes defined by modified Rankin Scale in
patients with severe TBI and non-traumatic brain injury.(18) In patients with aneurysmal
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subarachnoid hemorrhage, impaired CA determined by PRx has also been associated with 6
month functional outcomes.(37)

Other investigations have assessed the relation between rScO, (not autoregulation) and GCS
score. Demet et al.(16) showed that there was a non-significant correlation between GCS
and rSO5 in ischemic stroke. Dunham et al.(19) demonstrated a significant relationship
between rSO, of < 60 and GCS score of 3 — 4 (P<0.001). The non-significance for rScO,
observed in this study could be explained by the other multiple factors affecting the brain
cerebral metabolism and oxygen demand (i.e., seizures, burst suppression, local hypoxemia).
(38) It may also be that cerebral oximetry by itself is not a robust indicator of neurologic
function. Regardless, those prior studies did not perform analysis between GCS and COx as
performed in this study.

The major strength of this study is the continuous and prolonged duration of CA monitoring
(72 hours) to assess neurologic fluctuations. It is, on the other hand, important to mention
the limitations of this study. First, the heterogeneity of patient etiologies; due to the fact that
lumping together different patients with different conditions may make it difficult to
accurately distinguish if all conditions yield the given result. Additionally, our conclusions
are limited due to a small number of patients (N=58), but the large number of both GCS
scores and NIRS observations (n = 871) increase the statistical power of this study. We also
did not include other covariates (i.e., sedation) in the multivariable model, however, the
hourly neurologic assessments in our neurocritical care unit are performed typically without
sedation or following cessation of continuous light sedation to maximize neurologic
function. Furthermore, in this study we only included patients who were comatose due to
their primary neurologic injury and not secondary to sedation. Other limitations include the
uncertain effect of frontal lesions on the accuracy of the NIRS readings. Patient movement
may cause artefactual recordings, which may go unnoticed during visual inspection and
elimination of these artefacts. This has the potential to reduce correlation between GCS and
COx.

CONCLUSION

This study demonstrated that fluctuations in GCS scores are inversely associated with
fluctuations in COx; as COx increases (impaired autoregulation), more severe neurological
impairment is observed. However, the difference in COx between high and low GCS is small
and warrants further studies investigating this association. CA multimodal monitoring with
COx may have the potential to be used as a surrogate of neurologic status when the
neurologic examination is not reliable (i.e. sedation and paralytic drug administration).
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Figurel.
Pooled COx values of all patients, grouped by GCS score showing the inverse linear

relationship between COx and (a) GCS and (b) GCS motor. Cl indicates confidence interval;
COXx, cerebral oximetry index; GCS, Glasgow Coma Scale
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Summary of clinical and monitoring information of the patients included in this study

Table 1

Variable

Age, years (+ SD)

Gender, M/F, n

Race, n (%)
African American
White
Hispanic
Asian

Etiology, n (%)
Intracerebral hemorrhage
Aneurysmal subarachnoid hemorrhage
Traumatic brain injury
Ischemic stroke
Status epilepticus
Meningitis
Ventriculitis
Cardiac arrest

Frontal lobe lesion, n (%)
Left
Right

Midline shift at pineal gland, mm (+ SD)

Hemoglobin during monitoring, g/mL (+ SD)
Mean pCO, during monitoring, mmHg (+ SD)

Median duration of monitoring, hours, median (IQR)

GCS score, median (IQR)
GCS motor component, median (IQR)

Mean COx ( SD)

Value
58.7+14.2
25/32

29 (50.9%)
24 (42.1%)
3(5.3%)
1(1.8%)

25 (43.8%)
14 (24.5%)
7 (12.3%)
4. (7%)

4 (7%)
1(1.8%)

1 (1.8%)
1(1.8%)

7 (12.3%)
10 (17.5%)
32+54
10118
389+78
28 (15 - 47)
7(4-8)
4(2-5)
0.06 £0.15

Abbreviations: SD, standard deviation; M, male; F, female; IQR, interquartile range; GCS, glasgow coma scale
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