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Near-infrared spectroscopy predicts brain injury in patients on
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Background: Neurological complications are a leading cause of death in patients on extracorporeal
membrane oxygenation (ECMO). Cerebral oxygen saturation monitoring by near infrared spectroscopy
(NIRS) may predict neurological injury in ECMO patients.

Methods: NIRS was performed routinely on ECMO patients. Data recording clinical neurological signs
and head computed tomography (CT) findings were retrospectively collected from medical records. Patients
who underwent CT scans were grouped into those with neurological signs and NIRS event (Group A),
neurological signs without NIRS event (Group B), NIRS event without neurological signs (Group C), and
no neurological sign or NIRS event (Group D). NIRS event was defined as an acute, sustained decrease
compared to baseline NIRS value. The incidence and location of neurological injury by CT was evaluated in
each group, and the groups were further divided based on clinical neurological sign.

Results: A total of 73 patients {groups A [14], B [40], C [0], D [19]} had completed NIRS documentation
and 28 patients had CT scans confirming neurological injuries [12 patients (86%) in A, 13 patients (33%)
in B, and 3 patdents (16%) in D, P=0.006]. Among comatose patients in both group A and B, the sensitivity
and specificity in NIRS detecting neurological injury were 59% and 93 %, respectively. The sensitivity and
specificity of NIRS in detecting neurological injury in the frontal temporal distribution was 81.8% and
78.6% respectively.

Conclusions: ECMO patients that developed neurological signs with NIRS event correlated with clinical
neurological injury and this was particularly apparent among comatose patients. NIRS was able to detect

acute neurological disturbances within expected distributions.
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Introduction

Extracorporeal membrane oxygenation (ECMO) is
a supportive treatment used to temporarily support
patients with severe heart or lung failure (1). Although
ECMO supports cardiovascular and pulmonary function,
neurological complications remain a leading cause of death
in patients on ECMO (2-4). Neurological injury may be
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due to pre-existing anoxia related to pre-ECMO low flow
states such as cardiac arrest prior to support, atherosclerotic
diseases, ischemic stroke due to systemic embolization
from the ECMO system, or intracerebral bleeding from
anticoagulation needed for ECMO (5). Even knowing
this, neurologic monitoring of ECMO patients remains

challenging because most patients are deeply sedated for
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multiple reasons. Patients on ECMO may require paralytics
due to pre-existing respiratory failure or have an open
sternum due to post-cardiotomy failure. Other possible
issues may arise if patients are on peripheral veno-arterial
ECMO (VA ECMO), as there may be competing flow
between native cardiac flow with poorly oxygenated blood
from diseased lungs and retrograde ECMO flow with highly
oxygenated blood from the ECMO circuit, which results
in unknown cerebral oxygenation seen in conditions like
“harlequin syndrome” or “north south syndrome” (6).

To ensure adequate cerebral perfusion, near infrared
spectroscopy (INIRS) monitoring can be a modality of choice
(7,8). NIRS detects regional oxygen level of brain tissue
under light deflecting probes placed on the forehead of the
patient and allows clinicians to monitor regional oxygen
saturation trends on the right and left hemispheres (9).
Previously, we advocated the use of NIRS as a routine
monitoring method of cerebral perfusion, as it could
detect regional ischemia and possible anoxic brain injury in
ECMO patients (10). Although promising as a technique
for measuring perfusion and possibly detecting intracranial
injury, it may be prone to false positives or false negative
NIRS readings (11,12). In particular, early ischemic events
may not show direct changes in NIRS readings, and thus
provide false negatives in the setting of acute strokes (13).
In addition, possible disruptions can occur from patient
transportation from the intensive care unit (ICU) to the
computed tomography (CT) scan, which places a heavy
burden on the staff, hospital resources, and especially the
patient (14). In this paper, we would like to elucidate the
accuracy (sensitive and specificity) of NIRS in detecting
neurological injury by comparing and combining it to
neurological examinations. In addition, the study will
examine how well NIRS detects oxygenation changes based
on the location of the insult.

Methods

With institutional review board approval (Thomas Jefferson
University IRB #11D.185), patient demographics, ECMO
data, and ECMO complications of patients who underwent
either veno-arterial or -venous ECMO were prospectively
entered into database from 2010 to 2017. Clinical signs and
NIRS readings were used to examine suspected neurological
injury. Patients were then sent to CT scan to confirm or
rule out possible injury and these results were extracted
from electric medical record (EMR). Those who did not
receive a CT scan while on ECMO were excluded from this
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study.

NIRS monitoring was performed using INVOS™
(Somanetics/Covidien, Inc., Boulder, CO, USA) or FORE-
SIGHT™ (CAS Medical Systems, Branford, CN, USA)
since 2010. NIRS was routinely placed on all ECMO
patients in our institution and continued while patient
was on ECMO. This was done whether the patient was
on veno-arterial or veno-venous ECMO. NIRS data of
those who had a CT scan on ECMO were retrospectively
obtained from EMR, of which the nursing staff manually
entered each value every hour or every 2 hours. Those
who were missing NIRS readings in their EMR were
excluded from this study. The “baseline NIRS” reading was
determined as the average of at least 6 hourly readings 12
hours prior to CT scan. The “event NIRS” was collected
at the time of CT scan for each patient as well. The
differences between NIRS readings were calculated and
averaged. Patients who underwent a CT scan were grouped
based on the indications of CT scan: those demonstrating
clinical neurological signs with significant NIRS event, as
documented in the physician’s progress note (Group A),
those with neurological signs without NIRS event (Group
B), those with NIRS event without neurological signs
(Group C), and those without neurological signs or NIRS
event (Group D). To identify the contribution of NIRS
in detecting neurological injury, group comparison was
performed. Groups were further divided into those with
“coma despite sedation vacation of 24 hours” (COMA)
or “acute neurological injury” (ANI), which was defined
as a clinical neurological sign that included new onset
hemiplegia, unequal pupils, and seizures. Neurological
findings were determined by the ICU physicians caring of
these patients.

Data was expressed as numbers with a percentage or
mean = standard deviation. Data comparisons between
groups were performed with a Fisher’s chi-square test
or double tailed Mann-Whiney U-test, appropriately.
Sensitivity and specificity were calculated to evaluate if a
NIRS event detected a CT confirming neurological injury
and were expressed with 95% confident intervals (CI).

Results

Between 2010 and 2017, 204 patients underwent ECMO
and 166 patients (81%) had at least one CT scan while on
ECMO. Among them, a total of 73 patients (36%) had
appropriate NIRS documentation prior to CT scan to
include in this study. The baseline characteristics of studied
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Table 1 Patient demographics of all patients in this study
Number of ECMO patients N=73

Pre-ECMO demographics

Age (years) 49+13
Male gender 51 (70%)
Body surface area (cm?) 2.0+0.3
Time from ECMO to CT scan (days) 4.4+4.6
Type of ECMO
Veno-arterial 56 (77%)
Veno-venous 17 (23%)
Indication for ECMO
Cardiac ECMO 39 (53%)
Respiratory ECMO 24 (33%)
E-CPR 10 (14%)
Detailed ECMO indication
Acute myocardial infarction 14 (19%)
Post-cardiotomy failure 12 (16%)
Aspiration pneumonia 7 (10%)
Acute on chronic heart failure 6 (8%)
Malignant arrhythmia 6 (8%)
Acute myocarditis 5 (7%)
Viral pneumonia 5 (7%)
Bacterial pneumonia 3 (4%)
Other’ 15 (21%)

Data are expressed as number with percentages or mean =
standard deviation. ', other includes interstitial pneumonia [2],
takotsubo cardiomyopathy [2], pulmonary embolism [2], acute
respiratory distress syndrome [2] septic shock [1], asthma
[1], drug induced cardiac arrest [1], constrictive pericarditis
[1], alveolar hemorrhage [1], fungal pneumonia [1], PCP
pneumonia [1]. ECMO, extracorporeal membrane oxygenation;
CT, computed tomography; E-CPR, ECMO assisted
cardiopulmonary resuscitation; PCP, Pneumocystis pneumonia.

patients are shown in Table 1.

Based on the indications of CT scan, there were
14 patients (19%) who had clinical neurological signs and
NIRS event (Group A), 40 patients (55%) who had clinical
neurological signs only without NIRS event (Group B), and
19 patients (26%) who did not show any neurological signs
or NIRS event (Group D) (Figure I). None of the patients
that underwent a CT scan demonstrated isolated NIRS
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event without neurological signs (Group C). The indications
for a CT scans within Group D were retrospectively
unclear (incidental) but were predominantly requested from
referral physicians or taken because of necessity for other
organ CT scans. For this reason, Group D was taken out
of study considerations. The clinical neurological signs
that prompted a CT scan were further categorized into
COMA (45 patients, 62%) and ANI [unequal pupils (5, 7%),
new onset of hemiplegia (3, 4%), and seizures (1, 1%)] as
shown in Table 2. CT scans confirmed neurological injury in
28 patients (38%), including 12 patients (86%) in Group
A, 13 patients (33%) in Group B, and 3 patients (16%) in
Group D, (P=0.006).

Comparing the baseline data between group A and
B (group C had no patients), there were no noteworthy
differences between these groups except PaO, and heart rate
(1able 3). The average NIRS difference from baseline was
-4.7+4.1 on the right and -5.1+3.9 on the left for group A
and B combined. In group A, NIRS difference was -12.6+6.4
on the right and -11.9£4.1 on the left vs. -0.1+3.5 and
-0.4£5.1 in Group B, excluding 2 patients with consistently
low NIRS in group A (Tible 2). These two patients started
ECMO with NIRS persistently below 30 and were included
in Group A but not for NIRS event calculations. The average
reading between left and right NIRS reading at the time of
CT scan was -11.6+7.6 in Group A, -0.3£6.2 in Group B,
P<0.001. These values are also listed in Zable 2.

Sensitivity and specificity of detecting a CT confirming
neurological injury based on clinical indications were 36%
(95% ClI, 22-51%) and 89% (95% CI, 72-98%). Sensitivity
and specificity in group A was 43% and 96% vs. 46% and
40% in Group B (Table 4). Among COMA patients (45/54,
83%), the sensitivity and specificity of detecting a CT scan
confirming neurological injury based on NIRS event was
59% (95% CI, 33-82%) and 93% (95% CI, 77-99%).

Group A and B were divided into subsets of those
with COMA or ANI diagnoses. In CT positive patients
specifically, 10/12 (83%) patients in Group A had COMA
while 7/13 patients (54%) in Group B had COMA. The
distribution of strokes in COMA subset ad ANI subset of
Group A and B are listed in Table 5. Group B’s ANI subset
was grouped together as non-anterior cerebral artery (ACA)/
middle cerebral artery (MCA) in Table 5 for simplicity.
The sensitivity and specificity of detecting a neurological
injury in the frontal temporal region (ACA/MCA) region,
which is expected given the placement of NIRS equipment,
is 82% (95% CI, 48-98%) and 79% (95% CI, 49-95%)
respectively.
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Total ECMO patients

N=226
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|—

Patients with CT scan

Patients without CT scan
N=60

Figure 1 Eligibility of the patients included to this study.

Table 2 Patient demographics of Group A and B

Group A Group B

(N=14) (N=40) P value
Neurological signs Yes Yes
NIRS drop Yes No
Pre-ECMO demographics
Age (years) 48+14 51+14 0.530
Male gender 8 (57%) 29 (73%) 0.287
Time from ECMO to CT ~ 6.4+4.9 5.3+4.9 0.473
(days)
Type of ECMO
Veno-arterial 13 (93%) 28 (70%) 0.085
Veno-venous 1(7%) 12 (30%) 0.085
Indication of ECMO
Cardiac ECMO 8 (57%) 20 (50%) 0.645
Respiratory ECMO 3(21%) 16 (40%) 0.210
E-CPR 3(21%) 10 (10%) 0.788

Data are expressed as number with percentage or mean
+ standard deviation. NIRS, near infrared spectroscopy;
ECMO, extracorporeal membrane oxygenation; CT, computed
tomography; E-CPR, ECMO assisted cardiopulmonary
resuscitation.
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N=166
Patients without sufficient
}— data
N=93
Total patients with CT scan
and sufficient data
N=73
|
| [ [ |
Group A Group B Group C Group D
Neuro (+)/NIRS (+) Neuro (+)/NIRS (-) Neuro (-)/NIRS (+) Neuro (-)/NIRS (-)
N=14 N=40 N=0 N=19
CT confirmed CT confirmed CT confirmed
neurological injury neurological injury neurological injury
N=12 (85%) N=13 (33%) N=3 (16%)
Discussion

Altered neurological status is a concern for possible
neurological injury because it may determine a patient’s
outcome, and a CT scan is usually indicated to rule out
possible brain injury. As we expected, concrete neurological
signs such as those grouped in the ANI subset was likely
to elicit a confirmed neurological injury via CT scan.
In the case of NIRS event, our institutional protocols
are to prompt CT scans for unilateral NIRS events and
start bedside interventions for bilateral drop (6). These
interventions are an attempt to increase cerebral perfusion,
such as by increasing PaO, or increasing systemic blood
pressure, and this may have led to statistically significant
differences in those values between groups A and B seen in
Table 2. However, this protocol was not always followed, as
a NIRS event would often prompt physicians to perform a
clinical neurological exam before a CT scan was performed,
thus moving many potential patients from Group C to
Group A after confirmation of clinical neurological signs.
Previously we used a 20% NIRS drop as an indication
for neurological work up based on previous NIRS studies
in both cardiac surgery and non-cardiac surgery settings
(6,15). Interestingly, the practice was set to prompt a
CT scan if a 20% saturation drop was observed, yet only
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Table 3 Patient vitals and lab values at time of CT scan by group,
and cerebral saturation data, CT findings

Group A Group B
(N=14) (N=40) P value
Neurological signs 14 (100%) 40 (100%)

COMA (coma despite 24 12 (86%) 33(83%) 0.781
vacation)

ANI (acute neurological 2 (14%) 7 (18%) 0.782
injury)
Pupils size issue 1(7%) 4 (10%) 0.751
Hemiplegia 1 (7%) 2 (5%) 0.763
Seizure like activity 0 (0%) 1 (83%) 0.550

Patient condition

Temperature (°F) 96+3 98+2 0.024
Heart rate 7424 98+22 0.002
Respiratory rate 1415 1418 0.954
Mean arterial pressure 86+12 80+12 0.092
(mmHg)
Glasgow coma scale 3.4+1.6 4.2+2.0 0.139
Systemic oxygen 9515 95+4 1.000
saturation (%)
ECMO flow (L/min) 4.1+0.7 4.5+0.9 0.116
ECMO FiO, (%) 70+19 70+21 0.987
Ventilator FiO, (%) 54+10 54+14 0.776
pH 7.37+0.07 7.40+0.06 0.159
PaCO, (mmHg) 416 415 0.956
Pa0, (mmHg) 151+85 94+40 0.019
NIRS reading
Baseline NIRS (right) 56+11 64+11 0.023
Baseline NIRS (left) 56+12 65+10 0.015
NIRS difference (right) -12.6+6.4 -0.1+3.5  <0.001
NIRS difference (left) -11.9+4.1 -0.4+5.1 <0.001

NIRS “event” difference’ -11.6+7.6 -0.3+6.2 <0.001

Positive CT findings 12 (86%) 13(33%) 0.001
Ischemic stroke 5 (36%) 6 (15%) 0.098
Anoxic brain injury 4 (29%) 1(3%) 0.004
Intracranial bleed 321%) 6 (15%) 0.579

Data are expressed as number with percentage or mean
+ standard deviation. ', NIRS “event” difference is the
difference between the right and left NIRS reading at time of
CT scan, indicating unilateral NIRS drop. NIRS, near infrared
spectroscopy; ECMO, extracorporeal membrane oxygenation;
CT, computed tomography.
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3 patients demonstrated greater than a 20% NIRS drop
based on nursing documentation and physicians decided to
take patients for a CT scan at 10-15% NIRS drop instead.
This may be due to physicians being more judicious by
using a stricter criteria of NIRS drop in conjunction with
neurological signs or may be related to a data harvesting
issue, as our study’s baseline and event calculation averages
led to relatively more stable readings than studies that used
a single hourly saturation difference. Additionally, it is
important to consider the inclusion criteria that the study
used may have excluded patients with serious neurological
complications merely due to insufficient data or lack of CT
scans due to decompensation. Patients who started ECMO
at another institution may also not have had sufficient data
at our institution, and may not have fit our study design of
using the first CT scan available.

In our review, we chose to divide the patients into four
groups based on the clinical indications for a CT scan listed
in the physician notes. This grouping, however, is also
prone to selection bias, as many notes are not uniform and
may contribute to different results based on how physicians
chart their patients and how data recording is formatted.
Including patients with a CT scan as part of the inclusion
criteria also presents its own selection bias for those with
neurological injury and future studies should include
ECMO patients with NIRS documentation without CT
scans. Our study also demonstrated a significant number of
patients that underwent a CT scan without any neurological
sign, as seen in Group D. Among those who were without
neurological signs, only a small number of the patients had
positive CT findings (16%) compared to those that had
neurological signs (25/54, 46%). Group D could represent
a lack of uniformed guideline for CT scans for patients on
ECMO.

Our study demonstrated a greater specificity for
positive CT scans in patients with neurological change in
conjunction with a cerebral saturation change as shown in
Group A, demonstrating that a neurological exam itself is
neither sensitive nor specific enough to detect a positive CT
finding. Based on this difference between group A and B,
NIRS event can provide additional information to prompt
a CT scan in ECMO patients, and physicians will be better
equipped to utilize CT scans in conjunction with NIRS
trends. However, due to difficulties with charting the exact
timing of neurological injury in relation to NIRS drop and
presentation of clinical neurological symptoms along with
the retrospective nature of this study, the sensitivity and
specificity of this study should be evaluated with caution.

amj.amegroups.com AME Med 7 2019;4:5
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Table 4 Sensitivities and specificities detecting neurological injury using NIRS in different groups

Patients CT confirmed Sensitivity (95% Cl) Specificity (95% ClI)
Group A + B combined 54 25 (46%) 36% (22-51%) 89% (72-98%)
Group A: neuro signs (+), NIRS drop (+) 14 12 (85%) 43% (25-63%) 96% (85-99%)
Group B: neuro signs (+), NIRS drop (-) 40 13 (33%) 46% (28-66%) 40% (26-56%)
COMA’ Group (combined A & B) 45 17 (38%) 59% (33-82%) 93% (77-99%)

Data are expressed as number with percentage or sensitivity, specificity with 95% CI. ', COMA is defined as coma for 24 hours despite
sedation vacation. Cl, confident interval; NIRS, near infrared spectroscopy; CT, computed tomography.

Table 5§ Distribution of neurological injury by CT scan, sub
grouped with COMA patients and ANT patients

Group A CT+ Group B CT+

(N=12) (N=13) P value

COMA 10 (83%) 7 (54%) 0.114

Anterior or middle 4 2 0.628

cerebral artery

Posterior cerebral artery 2 2 0.682

Anoxic brain injury 4 0 0.056

Multiple stroke locations 0 3 0.022
Acute neurological injury 2 (17%) 6 (46%) 0.114
(ANI)

Anterior or middle 1 0 0.064

cerebral artery

Non-ACA/MCA’ 1 6 0.064

", non-ACA/MCA include territories of the deep temporal artery,
basilar artery, or cerebellar arteries. ACA, anterior cerebral
artery; MCA, middle cerebral artery; ANI, acute neurological
injury; CT, computed tomography.

In terms of subgroups, COMA diagnoses did not
necessarily lead to positive CT findings. This diagnosis may
be more difficult in ECMO settings due to the need for
deep sedation in these patients. Our protocol suggests that
a CT scan is indicated if a patient was comatose for longer
than 24 hours after sedation vacation. Although this was the
most common indication for a CT scan, the results were
often negative. Our study showed that among 45 COMA
patients, only 17 patients (38%) had positive CT findings.
Some patients may have come out of a coma after 24 hours
due to slow clearance of sedatives associated with liver or
kidney injuries sustained during the peri-ECMO period or
sequestration of sedatives via the ECMO circuit, and this
may have led to an inaccurate diagnosis of a “coma” (16).

© AME Medical Journal. All rights reserved.

amj.amegroups.com

Comatose patients on ECMO may need to be observed
over 24 hours or providers may need to wait for indirect
signs of neurological injury such as a NIRS drop or ANI
before clinicians decide whether there is a need for a CT
scan. For these COMA patients in our study, it seems that
NIRS may more reliable in revealing positive CT findings.
NIRS changes may be of particular importance in comatose
patients, whom clinicians will often encounter in patients
on ECMO.

Despite NIRS’ noninvasive and clinically useful
monitoring capabilities, it has yet to be widely adopted in
many clinical practices (7,10,17). Even in our study, Group C
had no patients because physicians used NIRS as an adjunct
to the standard neurological exam, and did not obtain a CT
scan for a saturation drop alone until a neurological exam
was performed. Isolated NIRS drop without neurological
findings may be related to low cerebral oxygenation and
may be correctable through an increase of blood pressure,
oxygenation, hemoglobin and ECMO flow, while maintaining
an appropriate level of sedation. Future prospective studies
into the viability of using cerebral saturation drop, especially
without a neurological exam, are needed.

As stated earlier, NIRS sensors are placed on the forehead
and will be expected to predominantly detect ACA and
possibly MCA distributions of injury. Based on the study,
this appears to affirm prior knowledge, as the sensitivity and
specificity were relatively high in the expected distribution
(82%, 79% respectively). When placed appropriately, NIRS
is able to detect global cerebral hypoperfusion, particularly
in the ACA and MCA region, and thus could give an earlier
prediction of anoxic brain injury. However, given the poor
prognosis of anoxic brain injury, it is unclear whether early
diagnosis can lead to improved outcomes (18). Commonly
missed neurological injury sites included the cerebellum,
basilar artery, and injuries that involved multiple strokes,
which may have led to hyperperfusion compensation (19).
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A possible solution to this may be global NIRS monitoring
with automated value inputs that would limit the issue of
not detecting certain regions of the brain or inadequate
NIRS documentation due to human error.

It should also be noted that NIRS itself has its own
limitations, particularly with the contamination of the
signal from extracranial tissue from skull and skin. This
discrepancy may not be noteworthy as a review study into
the application of NIRS in carotid and cardiac surgery, brain
injury, and general anesthesia demonstrate that readings
are not largely affected by this contamination, especially
with its use as a trend monitor (9). A persistently low NIRS
reading below 40 could be a sign of diffuse brain injury, so
following the trend of NIRS and the difference between
the left and right hemisphere may be more important than
a one-time NIRS reading to diagnose neurological damage
(7,20,21). Early NIRS use may not always show a classic
NIRS drop, as studies have shown increased respiratory
rate, arterial pCO,, and surrounding hyperperfusion can
lead to skewed readings (22). This may be resolved by using
region-specific NIRS probe placement in future studies to
find exact area of ischemia or bleeding. Currently, there are
few, if any, strict recommendations in the care of ECMO
patients, both in adults and in children. The only difference
in protocol is the use of anticoagulation in children in acute
stroke setting, where early recognition is key, as is the case
with most stroke guidelines (23).

As with most retrospective studies like ours, there
is an inherent selection bias that can lead to subjective
classification of patients. This study was also done at a single
institution, which is limited in its applicability. However, a
single institution study could also benefit findings, as most
patients likely had more consistent level of care as opposed
to multi-institutional studies with hospitals that may not be
as experienced with more newly implemented technology
like ECMO and NIRS. Many recent studies into non-
invasive neuro-monitoring currently lack the adequate
power to sufficiently serve as guidelines, and future studies
at other institutions are needed before further conclusions
regarding short- and long-term neuro-protection outcomes
of ECMO patients can be drawn (24). These studies should
focus on specific patient populations, adults or pediatric,
and follow specific pathologies in order to create more
concrete protocols that physicians can use in patient care.

Conclusions

Neurological injuries in patients on ECMO are common
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complications. The neurological exam, when paired with
NIRS, may provide more information in the management
and care of patients with neurological injury on ECMO
than the neurological exam alone. The utility of NIRS
in conjunction with ECMO may be best observed for
patients who are in a coma, as many ECMO patients often
demonstrate this clinical sign while on ECMO, however
clinical signs are still reliable in detecting neurological
injury. Lastly, there is a high degree of accuracy in the
detection of strokes in the expected regions of the brain
where NIRS is placed, as seen in previous studies.
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