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Abstract:
Background:
Near infrared spectroscopy (NIRS) is a noninvasive method for continuous monitoring of cerebral oxygenation.

Objective:
To  describe  the  intraoperative  behavior  of  NIRS  variables  used  to  evaluate  hemodynamic  response  in  patients  with  atherosclerotic  disease
undergoing carotid endarterectomy under general anesthesia.

Methods:
Fifteen volunteers with atherosclerotic carotid disease with indications for endarterectomy were evaluated. After selection of patients, carotid
stenosis was confirmed by appropriate diagnostic methods. NIRS was used for intraoperative monitoring. The variables total hemoglobin (Hb),
oxygenated hemoglobin (O2Hb), deoxygenated hemoglobin (HHb), and regional oxygen saturation (rSO2) were evaluated at three intraoperative
time points: before, during, and after carotid clamping.

Results and Discussion:
Measurements recorded by NIRS showed that, during the first 5 min of clamp time, patients experienced a decline in O2Hb levels, an increase in
HHb levels, and a marked decrease in rSO2. Hb remained constant throughout the procedure. At the post-clamping time point, HHb, O2Hb, and
rSO2 returned to patterns similar to those observed before clamping.

Conclusion:
NIRS was able to reliably and accurately identify the three stages of carotid endarterectomy and may predict the risk of cerebral hypoxia during
carotid clamping under general anesthesia.

Keywords: Carotid endarterectomy, Carotid stenosis, Near-infrared spectroscopy , Atherosclerotic plaque, Carotid atherosclerotic disease, Carotid
artery disease.
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1. INTRODUCTION

Ischemic  stroke  is  the  most  common  cause  of  disability
and the  third leading  cause of mortality  in Western  countries

* Address correspondence to this author at the Department of Surgery, School of
Medical  Sciences,  Vascular  Surgery,  Universidade  Estadual  de  Campinas
(UNICAMP),  Rua  Tessália  Vieira  de  Camargo,  126,  Cidade  Universitária
Zeferino Vaz, 13083-887, Campinas, SP, Brazil; Tel: +55-41-32333386;
E-mail: leticiacdsiqueira@gmail.com

[1],  and  accounts  for  approximately  10%  of  all  deaths
worldwide. Nevertheless, its management remains a challenge
[1, 2]. It is estimated that approximately one-fifth of all strokes
in the adult population are caused by atherosclerotic disease of
the carotid artery [1 - 4]. Knowing the natural history of this
disease,  preventing  its  development,  securing  an  accurate
diagnosis, prescribing the most appropriate course of treatment,
and  preventing  sequelae  and  complications  are  essential  to
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reducing these alarming statistics [5]. Ischemic cerebrovascular
events  are  classified  according  to  signs,  symptoms,  and
findings on physical and neurological examinations, as well as
on  neuroimaging  (computed  tomography  and  magnetic
resonance imaging). Based on clinical evaluation and timing of
progression,  they  can  represent  transient  ischemic  attacks
(TIAs)  or  cerebral  infarcts,  leading  to  varying  degrees  of
disability  [6  -  8].  In  addition  to  stroke  and  TIA,  the
atherosclerotic  disease  has  been  associated  in  recent  studies
with changes in cognitive function and movement disorders [9,
10].

Treating  carotid  artery  disease  is  a  critical  means  of
preventing  stroke  [11].  Several  options  are  available  for  the
management of atherosclerosis. Most are conservative, such as
optimization  of  pharmacotherapy  and  changes  in  lifestyle
habits  [12,  13].  Surgical  treatment  of  carotid  stenosis  can be
performed  by  carotid  endarterectomy  or  angioplasty  and
stenting  [1].  Both  seek  to  correct  stenosis  and  prevent
thromboembolism,  but  both  induce  complete  cessation  of
cerebral  blood  flow  through  an  artery  already  affected  by
stenosis  [14  -  16].

To  ensure  safety  in  these  procedures  and  minimize
complication rates, intraoperative monitoring is essential. The
methods applied must be reproducible, reliable, accurate, and
noninvasive,  and must  be  able  to  assess  both  hemodynamics
and  cerebral  oxygenation  if  they  are  to  prevent  the
complications  of  hypoxia  [17  -  19].

Several  methods  have  been  used  to  monitor  ischemia
during  surgical  and  endovascular  procedures,  such  as
neurocognitive assessment of the awake patient, measurement
of reflux pressure in the carotid artery, somatosensory evoked
potentials  (SEPs),  motor  evoked  potentials,
electroencephalography  (EEG),  transcranial  Doppler  (TCD),
and near-infrared spectroscopy (NIRS). However, there is no
consensus as to which method is the gold standard, or even as
to whether one is superior to others [2, 20 - 24].

NIRS  is  a  method  that  uses  the  infrared  region  of  the
electromagnetic  spectrum  (600-900  nm)  to  measure  O2

concentration.  Near-infrared  is  the  name  given  to  the  region
immediately beyond the visible region in terms of wavelength,
i.e., it is the region of the infrared spectrum closest to visible
light.  It  was  originally  described  by  Jöbsis,  and  its  use  has
grown in recent decades. It has several applications in clinical
practice,  including  measurement  of  tissue  oxygenation  in
muscles, connective tissue, and the lower limbs; more recently,
articles have described its use in carotid artery surgery [25].

NIRS  is  a  noninvasive  method  for  monitoring  cerebral
autoregulation  and  oxygenation,  and  has  most  of  the
characteristics  of  an  ideal  monitor.  This  technology  allows
monitoring of oxygenated hemoglobin (O2Hb), deoxygenated
hemoglobin  (HHb),  total  hemoglobin  (Hb),  and  regional
cerebral  oxygen  saturation  (rSO2),  continuously  and  in  real-
time, from a small area of the frontal cortex. It thus provides an
effective  means  of  identifying  individual  limits  facilitating
patient  management  [26  -  31].

At a time when clinical outcomes are largely determined
by  the  optimization  of  target  organ  functions,  accurate

perioperative  monitoring  is  paramount  [32,  33].  The
information  provided  by  NIRS  can  significantly  change
management during anesthesia [34]. The evidence shows that
optimizing  oxygenation  of  the  brain  and  other  vital  organs
reduces morbidity in various surgical procedures [35, 36]. Due
to  the  advantage,  it  provides  as  a  simple,  continuous,
noninvasive  monitoring  method,  NIRS is  a  valuable  tool  for
improving patient care in daily anesthesia practice [37 - 39].

1.1. Objective

To  demonstrate  the  intraoperative  behavior  of  the
aforementioned variables (Hb, O2Hb, HHb, and rSO2) by NIRS
in  patients  undergoing  carotid  endarterectomy  under  general
anesthesia, specifically during the first 5 min after clamping the
carotid  artery,  and  compare  this  behavior  to  that  observed
during  the  pre-clamping  and  declamping  periods.

2. MATERIALS AND METHODS

2.1. Patients and Methods

This  study  was  approved  by  the  Research  Ethics
Committee  of  the  Universidade  Estadual  de  Campinas
(Unicamp), Campinas campus, with Certificate of Submission
for  Ethical  Assessment  (CAAE)  number
09911113.2.0000.5404  and  proof  of  submission  number
021738/2013,  both  dated  July  22,  2013.

In a cross-sectional, prospective, cohort-based design, 15
patients of both sexes, all aged over 50 years, with the carotid
disease of atherosclerotic etiology, previously detected through
clinical manifestations (TIA or stroke) and confirmed through
Doppler ultrasonography of the carotid and vertebral arteries,
were recruited from the outpatient Vascular Diseases clinic of
Hospital  de  Clinicas  da  Unicamp.  All  patients  had  unilateral
carotid stenosis ≥70% and a patent circle of Willis (right and
left  anterior  cerebral  arteries,  anterior  communicating artery,
posterior  cerebral  arteries,  right  and  left  posterior
communicating arteries) and vertebrobasilar system (right and
left vertebral arteries and basilar artery), as confirmed by CT
angiography of the cervical and cerebral vasculature. Patients
who  agreed  to  participate  and  provided  written  informed
consent  were  included  in  the  study.

After  diagnostic  confirmation  by  imaging,  all  patients
underwent  carotid  endarterectomy  with  continuous
intraoperative  NIRS  monitoring.  After  the  procedure,  the
patients continued to receive follow-up at the outpatient clinic
as per protocol [40].

Individuals with ongoing stroke and progressive symptoms
were  excluded  from  the  sample,  as  were  those  with
asymptomatic  carotid  stenosis  detected  on  routine  imaging;
those  who  did  not  have  a  patent  circle  of  Willis;  those  with
neurodegenerative  diseases;  and  those  who,  for  any  reason,
refused to participate in any of the stages of the study.

To  detect  a  difference  of  10%  in  the  parameters  under
study with a coefficient of variation of 30%, a two-sided 5%
significance  level,  and  a  power  of  80%,  a  sample  size  of  15
patients  was  necessary.  The  study  would  be  terminated  if  a
statistically significant number of patients were lost to follow-
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up, thus jeopardizing the research and its results.

A  commercially  available  FD-DOS  (diffuse  optical
spectroscopy) system (Imagent, ISS™ Inc., USA) was used for
data acquisition. This device employs two optodes reflectively
(i.e., both are on the same side of the surface) and continuous
lighting  as  the  excitation  method.  The  system  consists  of  a
photomultiplier  tube  as  the  detector  and  four  diode  lasers  as
light sources, with a modulation frequency of 110 MHz. Each
light source has different wavelengths, ranging from 690 to 840
nm. The optical probe was positioned over the prefrontal cortex
ipsilateral to the stenotic carotid. The variables of interest (Hb,
HHb,  O2Hb,  and  rSO2)  were  recorded  every  0.05  s.  The
collected  NIRS  data  were  entered  into  Microsoft  Office®
Excel  2016  spreadsheets  for  storage,  statistical  analysis,  and
preparation of graphs and tables.

These  data  were  analyzed  descriptively  and  used  to  plot
graphs.  To  obtain  a  summary  measure  of  the  studied
parameters,  third-degree  polynomials  were  fitted  for  each
participant, and their coefficients were taken as representative
of the behavior of the variables. Illustrative graphs were then
plotted.  This  procedure  allowed  a  comparison  of  the  three
stages of surgery. The Friedman test and Bonferroni correction
were used for multiple comparisons [41 - 46]. A p-value <0.05
was considered significant.

3. RESULTS AND DISCUSSION

The study sample consisted of 15 patients (10 men and 5
women), who underwent carotid endarterectomy performed by
the  classic  technique  under  general  anesthesia.  The  mean
patient  age  was  69.9  years  (range,  56-79  years;  standard
deviation,  6.2  years).  Most  patients  (n=14)  were  white;  one
self-identified as Brown. Considering the main comorbidities
associated  with  atherosclerotic  disease,  12  patients  had
hypertension, 10 had dyslipidemia, 8 had diabetes, and 13 were
smokers. Regarding vascular conditions, arterial insufficiency
in  the  lower  limbs  was  present  in  three  patients,  two  had
abdominal aortic aneurysms, and three had a history of acute
myocardial  infarction.  Two  patients  were  obese  (BMI  >30
kg/m2).  No  patient  had  atheromatous  involvement  of  the
vertebral  arteries,  and  all  had  an  intact  and  patent  circle  of
Willis.

Regarding the surgical procedure, the mean operative time
was 102.5 min, ranging from 68 to 150 min, with a standard
deviation of 28.2 min. All patients underwent clamping (mean
duration, 21.1 min; range, 14 to 51 min; standard deviation, 8.7
min). Seven patients had surgery on the left carotid artery, and
eight on the right.

Calcified  and  fatty  atheromatous  plaques  were  found
during surgery, as confirmed by histopathological examination.

Observation of  the behavior  of  the O2Hb variable  during
the course of the procedure revealed some points in common
among  certain  patients.  Of  the  15  patients  in  the  sample,  10
(66.7%)  had  a  marked  decline  in  O2Hb  levels  from  the  pre-
clamping  stage  to  the  clamping  stage  and  throughout  this
second  stage,  albeit  to  different  degrees.  During  the

declamping  stage,  the  observed  pattern  returned  to  pre-
clamping  values,  independently  of  the  magnitude  of  the
change.

Observation of the behavior of the HHb variable during the
course of the procedure also revealed points in common among
certain patients. Of the 15 patients in the sample, 11 (77.3%)
had a marked rise in HHb levels from the pre-clamping stage to
the clamping stage and throughout this second stage, albeit to
different degrees. During the declamping stage, the observed
pattern returned to pre-clamping values, independently of the
magnitude of the change.

Observation of the behavior of the Hb variable throughout
the procedure and taking into account the relationship between
this variable, O2Hb, and HHb, there was no marked difference
between  stages  in  the  study  sample.  Overall,  for  the  Hb
variable,  there  was  less  of  a  difference  in  data  dispersion
throughout  the  procedure.

Finally,  observation  of  the  rSO2  variable  throughout  the
procedure  and  considering  its  derivation  from  the  variables
O2Hb  and  Hb  variables,  a  behavior  common  to  most  of  the
studied patients was detected. Of the 15 patients assessed, 12
(80%)  had  a  marked  decrease  in  rSO2  during  the  clamping
stage  of  surgery,  regardless  of  the  magnitude  of  the  data
collected  and  of  the  dispersion  between  measurements.

The statistical  analysis  was  divided into  two parts.  First,
data from the NIRS spreadsheets were analyzed descriptively
and used to plot graphs. To obtain a summary measure of the
studied  parameters,  third-degree  polynomials  were  fitted  for
each  participant  and  their  coefficients  were  taken  as
representative  of  the  behavior  of  the  variables.  Illustrative
graphs  were  then  plotted.

For the O2Hb variable, different behavior patterns were
observed  between  the  pre-clamping  stage  and  the
following  stages.
The  behavior  of  HHb  differed  between  the  pre-
clamping and unclamping stages.
Finally,  the  rSO2  variable  differed  between  the  Pre-
clamping stage and the 5-min clamp time point.

The behavior of the O2Hb, HHb, Hb, and rSO2 variables in
one of the 15 patients is shown in Figs. (1-4), where the pre-
clamping stage is in blue, the clamp time in black, the 5-min
clamp  time  in  shaded  gray  and  the  declamping  stage  in  red.
The variable in question is plotted on the vertical axis, and time
in seconds on the horizontal axis. The colorless line, obtained
through  the  fitted  polynomials,  represents  the  mean  of  the
variable of interest.

In the second part of the statistical analysis, the summary
measures obtained were described using descriptive measures,
and  the  three  stages  of  surgery  (pre-clamping,  5-min  clamp
time, and declamping) were compared. In addition to the fitted
polynomial coefficients, the mean value of the variables at each
stage  was  considered  to  represent  the  behavior  observed  in
patients over time. The Friedman test was used at this stage of
the analysis.
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Fig. (1). The behavior of the oxygenated hemoglobin (O2Hb) variable in a representative patient. Blue = pre-clamping stage; black = clamp time;
shaded gray = 5-min clamp time; red = declamping stage; colorless line = mean O2Hb values obtained through the fitted polynomials.

Fig. (2). Behavior of the deoxygenated hemoglobin (HHb) variable in a representative patient. Blue = pre-clamping stage; black = clamp time; shaded
gray = 5-min clamp time; red = declamping stage; colorless line = mean HHb values obtained through the fitted polynomials.

Mean O2Hb values differed between the pre-clamping
stage  and  the  subsequent  time  points.  Descriptive
analysis  of  O2Hb  levels  comparing  the  stages  of  the
procedure showed significant differences between the
pre-clamping and 5-min clamp time points, as well as
between  pre-clamping  and  declamping  (p=0.001  for
both  comparisons).  Comparison  between  the  pre-
clamping and 5-min clamp time points tended toward
statistical significance (p=0.059).

Mean  HHb  values  differed  across  all  three  stages  of
the  procedure.  Descriptive  analysis  of  HHb  levels
comparing  the  stages  of  the  procedure  showed
significant differences between the pre-clamping and
5-min clamp time points, between the 5-min clamp and
declamping  stages,  as  well  as  between  the  pre-
clamping and declamping stages (p=0.001 for all three
comparisons).
Mean  Hb  values  differed  between  the  pre-clamping
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stage  and  the  subsequent  time  points.  Descriptive
analysis  of  Hb  levels  comparing  the  stages  of  the
procedure showed significant differences between the
5-min  clamp and  declamping  time  points,  as  well  as
between  the  pre-clamping  and  declamping  stages
(p=0.001  for  both  comparisons).  There  was  no
significant difference between the pre-clamping and 5-
min clamp time points (p=0.999).

Finally,  mean  rSO2  values  differed  among  all  three
stages of the procedure.  Descriptive analysis of rSO2

levels comparing the stages of the procedure showed
significant differences between the pre-clamping and
5-min clamp time points, between the 5-min clamp and
declamping  stages,  as  well  as  between  the  pre-
clamping and declamping stages (p=0.001 for all three
comparisons).

Fig. (3). Behavior of the total hemoglobin (Hb) variable in a representative patient. Blue = pre-clamping stage; black = clamp time; shaded gray = 5-
min clamp time; red = declamping stage; colorless line = mean Hb values obtained through the fitted polynomials.

Fig. (4). Behavior of the regional oxygen saturation (rSO2) variable in a representative patient. Blue = pre-clamping stage; black = clamp time; shaded
gray = 5-min clamp time; red = declamping stage; colorless line = mean rSO2 values obtained through the fitted polynomials.
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Fitted  polynomials  for  each  of  the  four  variables  (O2Hb,
HHb,  Hb,  and rSO2)  in  each of  the  15 patients  are  shown as
mosaic  plots  (Figs.  5-8).  The  three  stages  of  endarterectomy

are represented as follows: pre-clamping in blue, clamping in
black,  and  declamping  in  red.  The  horizontal  axis  shows
operative time in seconds, and the vertical axis, is the variable
of interest.

Fig. (5). Mosaic plots of fitted polynomials for the oxygenated hemoglobin (O2Hb) variable in all 15 patients. Blue = pre-clamping; black = clamping;
red = declamping.
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Fig.  (6).  Mosaic  plots  of  fitted  polynomials  for  the  deoxygenated hemoglobin  (HHb) variable  in  all  15  patients.  Blue  = pre-clamping;  black =
clamping; red = declamping.
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Fig. (7). Mosaic plots of fitted polynomials for the total hemoglobin (Hb) variable in all 15 patients. Blue = pre-clamping; black = clamping; red =
declamping.
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Fig.  (8).  Mosaic plots  of  fitted polynomials  for  the regional  oxygen saturation (rSO2)  variable in all  15 patients.  Blue = pre-clamping;  black =
clamping; red = declamping.

4. DISCUSSION

The prevalence of carotid stenosis increases with age; 5%

of  people  over  65  years  of  age  have  >50%  carotid  stenosis,
with  the  incidence  being  greater  in  men  [13].  Patients  with
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>50%  carotid  stenosis  have  a  1-5%  risk  of  stroke  [13].
Correlations  exist  between  carotid  stenosis,  atherosclerotic
coronary artery disease, and occlusive peripheral artery disease
of the lower limbs [13]. Risk factors for atherosclerosis include
age 65 years or older, high blood pressure, diabetes mellitus,
dyslipidemia,  and  obesity.  Some  lifestyle  habits,  such  as
smoking  and  sedentary  behavior,  can  facilitate  disease
progression;  genetic  predisposition  may  also  be  implicated
[13].

Considering  atherosclerotic  carotid  disease  and  its
epidemiology, the findings of the present study are consistent
with  the  literature.  In  our  sample,  the  predominance of  male
patients,  the  greatest  involvement  of  atherosclerotic  disease
between  the  fifth  and  seventh  decades  of  life,  and  the
overwhelmingly white racial makeup were all consistent with
the literature [26]. Regarding risk factors for the development
of the carotid disease of atherosclerotic etiology, we found that
hypertension, dyslipidemia, and diabetes mellitus were major
drivers  of  atherosclerotic  disease  in  our  patients  and  that
smoking  was  an  associated  risk  factor  [26].

The  first  surgical  reports  on  the  treatment  of
cerebrovascular  atherosclerosis  were  published  in  the  early
1950s.  Initial  results  were  not  promising  due  to  suboptimal
surgical technique. Over time, as the technique evolved, so did
outcomes improve [7]. Enthusiasm for carotid endarterectomy
was  revived  after  publication  of  the  results  of  the  first
randomized trials in 1990 [7]. With more recent data, carotid
endarterectomy has emerged as an effective measure for stroke
prevention  in  asymptomatic  and  symptomatic  patients  with
severe carotid artery stenosis [7].

However, for carotid endarterectomy to be beneficial, the
morbidity and mortality associated with the procedure must be
minimal.  One  of  the  most  serious  complications  of  this
procedure  is  the  new  onset  or  worsening  of  neurological
deficit.  The  two  leading  causes  of  intraoperative  cerebral
ischemia are embolic events and decreased cerebral blood flow
[8].

In our sample, there were no cerebral ischemic events and
no  deaths  during  hospitalization  or  in  the  first  6  months
following  the  surgical  procedures.

According to Rudzinski et al. [32], to maintain a sufficient
cerebral blood flow to meet the metabolic demand imposed by
neuronal electrical activity, the brain uses several mechanisms
that  aim  to  protect  the  central  nervous  system  from  fatal
consequences arising from hypoxia and energy deficit; this is
known  as  cerebral  autoregulation  [32,  38].  When  these
mechanisms are disrupted, life-threatening cerebral infarction
can  occur.  Even  if  such  ischemic  brain  injury  is  detected  by
magnetic resonance imaging, the diagnosis can be late and the
damage, irreversible. Therefore, monitoring disorders of blood
flow  and  autoregulation  is  extremely  important  in  clinical
practice, as decreased cerebral blood flow is completely silent
until neuronal dysfunction approaches the level of permanent
injury.  Early  recognition  of  decreased  cerebral  blood  flow
states can help identify and treat ischemic brain injury [47, 48].

Broadly,  there  are  three  different  methods  of  brain
monitoring:  those  that  assess  cerebral  hemodynamics  (TCD,

carotid  artery  stump  pressure  or  back-pressure);  those  that
assess  cerebral  oxygen  metabolism  (NIRS  and  jugular
monitoring);  and  those  that  assess  brain  state/function
(electroencephalography  and  somatosensory  evoked
potentials). However, none of these can predict the occurrence
of  cerebral  ischemia  or  prevent  unnecessary  shunting,
especially  not  in  procedures  performed  under  general
anesthesia  [49  -  54].

Monitoring  neurological  status  during  locoregional
anesthesia  (wake-up  test)  seems  to  be  the  best  method  for
predicting the need to perform a carotid shunt after clamping
the  internal  carotid  artery  and  can  be  considered  the  best
method for intraoperative neurological evaluation [37, 55, 56].

At our facility, one of the eligibility criteria for performing
carotid  endarterectomy  is  adequate  collateralization  of  the
cerebral arterial circulation, i.e., adequate patency of the circle
of  Willis.  In  patients  who  do  not  meet  these  criteria,  stent
angioplasty of the carotid artery is performed instead. For both
techniques,  we  routinely  use  cerebral  monitoring;  as  we
recently  implemented  NIRS  for  this  purpose,  this  research
reports  our  initial  experience.  All  patients  in  the  study  had
adequate collateralization of the cerebral arterial circulation, as
verified by preoperative CT angiography, and thus underwent
carotid endarterectomy by the classic technique. All procedures
were  performed  under  general  anesthesia,  which  is  the
technique  preferred  by  our  department.

Currently, electroencephalography and TCD are the most
widely  used  intraoperative  monitoring  methods  to  prevent
cerebral  ischemia  and  are  considered  the  gold  standard  for
cerebral monitoring during carotid endarterectomy. However,
both have limitations [57]. Neither provides perfect sensitivity
and specificity. Indeed, no single monitoring method achieves
100% sensitivity and 100% specificity compared with awake
patient  monitoring.  According  to  the  evidence,  TCD,  NIRS,
and  SEPs  potentials  for  selective  maneuvers  provide  similar
sensitivity  and  specificity.  SEPs  provide  the  least  precision.
However,  in  clinical  practice,  it  is  often  difficult  to  obtain  a
signal of sufficient quality with TCD monitoring, and it is also
often difficult to avoid the movement of the transducer. Thus,
TCD has not shown superior precision compared with SEPs or
NIRS, both of which are easy to apply. Therefore, the use of
these  monitoring  systems  may  prove  superior  in  clinical
practice  [55,  58,  59].

EEG measures the electrical activity of the brain through
electrodes placed on the scalp. However, it is time-consuming,
difficult to interpret, and often influenced by some anesthetics.
Furthermore,  preexisting  EEG abnormalities  in  patients  with
severe  stroke  can  make  EEG  interpretation  essentially
impossible  [32,  57].

TCD detects changes in cerebral blood flow by measuring
velocities in the middle cerebral artery during and after carotid
endarterectomy  [57].  A  100%  increase  in  postoperative
cerebral blood flow is associated with a tenfold higher risk of
cerebral hyperperfusion syndrome [57]. However, TCD cannot
be performed in all patients, as the temporal bone window is
absent  in  10  and  15%  of  patients.  In  addition,  the  close
proximity  to  the  operating  field  carries  a  high  risk  of
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displacement of the Doppler transducer. In addition, TCD is an
expensive and highly operator-dependent  method.  Especially
for this subgroup, a reliable alternative monitoring technique is
needed [57]. TCD is one of the methods being researched by
our team and is the object of several ongoing studies.

Moritz  et  al.  obtained better  results  with  TCD,  but  there
was  no  significant  difference  compared  with  stump  pressure
and NIRS. For TCD as well as for NIRS, the evidence shows
that relative changes are more accurate for diagnosing cerebral
ischemia  than  absolute  values  [55,  60,  61].  Thus,  we
considered relative values in the present study, taking baseline
values for each of the patients in relation to the four variables
monitored by the NIRS, following their progression over the
three stages of endarterectomy, and comparing the behavior of
these variables.

NIRS is suggested as an alternative for cerebral monitoring
as it is non-invasive, user-friendly, and it allows instantaneous
and  continuous  monitoring  of  cerebral  O2Hb  reduction
produced  by  systemic  hypoxemia.  This  method  may  be
particularly useful in identifying a threshold for postoperative
risk  of  cerebral  hyperperfusion  syndrome  [57],  as  well  as  in
head  trauma  and  acute  stroke.  Although  most  intraoperative
neurological  sequelae  occur  due  to  embolism,  NIRS  is  used
mainly  to  detect  hypoperfusion  through  increased  cerebral
oxygen  extraction  during  carotid  clamping  [51,  62  -  69].

Most variables analyzed during anesthesia focus on oxygen
supply but do not analyze the balance between oxygen supply
and  demand.  At  a  time  when  clinical  outcomes  are  largely
determined  by  optimizing  target  organ  functions,  NIRS  is  a
valuable tool for optimizing patient care in daily practice [37,
70]. NIRS may become the preferred intraoperative monitoring
technique  in  the  near  future,  even  for  patients  under  general
anesthesia [32, 71 - 73].

In this study, we observed that 66.7% of the patients had a
precipitous  decline  in  O2Hb  levels  throughout  the  clamping
stage  as  compared  with  the  pre-clamping  stage,  with  the
resumption  of  pre-clamping  patterns  during  the  post-
unclamping  period.  For  the  HHb  variable,  77.3%  of  the
volunteers showed a marked increase in levels during carotid
clamping. During the post-clamping stage, the observed pattern
also resumed pre-clamping behavior.

A  recent  study  with  TCD  and  NIRS  demonstrated  that
patients with symptomatic carotid occlusion had lower velocity
values  measured  by  Doppler  and  a  smaller  increase  in  SaO2

detected  by  NIRS  than  asymptomatic  patients.  It  also  found
that  O2Hb  can  represent  a  marker  of  hemodynamic  status  in
carotid  disease  and  that  NIRS can  discriminate  symptomatic
from  asymptomatic  patients  [74].  Thus,  NIRS  can  make  an
important  contribution  to  explaining  the  pathophysiological
mechanisms of stroke occurrence [18, 59].

NIRS  has  disadvantages:  only  local  conditions  in  the
frontal lobe, which is irrigated by the anterior cerebral artery,
are measured, and perfusion changes in other areas of the brain
may escape detection [41, 57, 75, 76]. There is no consensus in
the medical literature as to the best location for the placement
of  NIRS  probes.  Considering  that  this  method  is  still
undergoing validation for cerebral monitoring purposes and the

anatomy of the blood supply provided by the anterior cerebral
artery, we chose to place the probes over the frontal lobe in all
patients.

Although  extracranial  interference  by  factors  like
movement and the cardiac cycle can influence readings [70],
this  risk  can  be  reduced  by  focusing  on  changes  in
oxygenation,  using  a  dual-detector  system,  and  performing
sequential  clamping  of  the  arteries  [52].  The  authors  of  this
study believe that oscillations in the NIRS recordings may also
be attributable to the cardiac cycle and gas exchange. Based on
these recommendations and aiming to reduce potential errors,
we  took  oxygen  saturation  as  the  main  NIRS  parameter  and
clamped the carotid arteries sequentially.

The  main  issue  with  using  NIRS  during  carotid
endarterectomy  is  that  the  oxygen  saturation  value  below
which neurological dysfunction occurs remains undefined [8].
Several  studies  have  observed  an  abrupt  mean  decrease  of
7.2%  in  SaO2  (compared  with  baseline)  during  carotid
clamping. Regional cerebral oxygen saturation (rSO2) reached
a  new  plateau  within  5  min  and  remained  significantly  low
after 15 min of clamping, followed by a return to baseline once
the clamp was removed.  There were no neurological  deficits
intraoperatively, during the cerebral deoxygenation period, or
postoperatively [8].

In  another  study,  NIRS  was  used  for  ipsilateral  brain
monitoring, in addition to TCD and the wake-up test. A percent
drop in regional oxygen saturation and a decline in mean flow
velocity  on  Doppler  were  detected  after  carotid  clamping.  A
drop  in  rSO2  >20%  or  in  mean  flow  velocity  >50%  was
considered an indicator of cerebral ischemia that could predict
the need for shunt insertion [77].

Stilo  et  al.  [78]  performed  carotid  endarterectomy under
local  anesthesia.  Regional  bilateral  cerebrovascular  oxygen
saturation was monitored in all patients. Changes after carotid
artery clamping were recorded. A drop >20% was considered
an indicator of cerebral ischemia that could predict the need for
carotid shunt, but actual shunting was only performed based on
the  wake-up  test.  Compared  with  pre-clamping  values,  a
significant  reduction  in  rSO2  was  found  in  the  cerebral
hemisphere  ipsilateral  to  the  operated  artery,  while  no
significant change was observed contralaterally [24, 78, 79].

Wang  et  al.  [80]  used  TCD  and  NIRS  concomitantly  to
assess  cerebral  SaO2  and  concluded  that  a  decline  of  up  to
12.3%  in  SaO2  during  clamping  (as  compared  with  the  pre-
clamping baseline) is acceptable.

We are  preparing  a  detailed  analysis  of  the  variations  in
regional oxygen saturation detected by the NIRS, in order to
propose a future classification correlating the risk of adverse
events with the decline in rSO2 values. In the present study, we
found that, between the pre-clamping and clamping stages and
throughout the carotid clamping stage, 80% of the volunteers
experienced a marked decrease in rSO2, 66.7% experienced a
precipitous  decline  in  O2Hb  levels,  and  77.3%  showed  a
significant  increase  in  HHb  levels.  Hb  remained  constant
throughout  the  procedure.  At  the  post-clamping  time  point,
HHb,  O2Hb,  and  rSO2  returned  to  patterns  similar  to  those
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observed before clamping. Thus, the ability of NIRS to detect
variations  in  oxygenation  instantly  and  differentiate
hemoglobin  and  saturation  behavior  at  the  three  stages  of
surgery  is  evident,  even  in  this  small  sample.  NIRS  is  a
promising  tool  for  the  study  of  cerebral  hemodynamics.

CONCLUSION

NIRS is capable of measuring changes in total hemoglobin,
oxyhemoglobin, reduced hemoglobin, and oxygen saturation at
the  three  stages  of  carotid  endarterectomy  under  general
anesthesia  (pre-clamping,  clamping,  and  unclamping),
noninvasively  and  in  real-time.

During the first 5 min of carotid clamping, the following
phenomena occur:

Maintenance of total hemoglobin levels
Decline in oxyhemoglobin levels
Increase in reduced hemoglobin levels, and
A drop in oxygen saturation in relation to pre-clamping
values.

Despite these changes, compensation occurred throughout
the clamping period, with the gradual reestablishment of pre-
clamping  levels  and  no  neurological  sequelae  in  any  of  the
patients evaluated.

LIST OF ABBREVIATIONS

TIA = Transient Ischemic Attack

CVA = Cerebrovascular Accident

TCD = Transcranial Doppler

EEG = Electroencephalogram

FD-DOS = Diffuse Optical Spectroscopy

O2Hb = Oxygenated Hemoglobin

HHb = Deoxygenated Hemoglobin

Hb = Total Hemoglobin

rSO2 = Regional Oxygen Saturation

SEP = Somatosensory Evoked Potentials

ETHICS  APPROVAL  AND  CONSENT  TO
PARTICIPATE

This  study  was  approved  by  the  Research  Ethics
Committee  of  the  Universidade  Estadual  de  Campinas
(Unicamp),  Campinas  campus,  Brazil,  with  Certificate  of
Submission  for  Ethical  Assessment  (CAAE)  number
09911113.2.0000.5404  and  proof  of  submission  number
021738/2013,  both  dated  July  22,  2013.

HUMAN AND ANIMAL RIGHTS

No animals were used that are the basis of this study. All
human  procedures  were  in  accordance  with  the  ethical
standards  of  the  committee  responsible  for  human
experimentation  (institutional  and  national)  and  with  the
Helsinki  Declaration  of  1975,  as  revised  in  2013.

CONSENT FOR PUBLICATION

Informed  consent  was  obtained  from  all  individual
participants  included  in  the  study.

STANDARDS OF REPORTING

STROBE  guidelines  and  methodologies  have  been
followed.

AVAILABILITY OF DATA AND MATERIALS

All relevant data are within the paper.

FUNDING

The authors have no financial relationships relevant to this
article to disclose.

CONFLICT OF INTEREST

The authors have no conflicts of interest to disclose.

ACKNOWLEDGEMENTS

Declared none.

REFERENCES

Horváth M, Hájek P, Štěchovský C, Honěk J, Veselka J. Intravascular[1]
near-infrared  spectroscopy:  A  possible  tool  for  optimizing  the
management  of  carotid  artery  disease.  Int  J  Angiol  2015;  24(3):
198-204.
[http://dx.doi.org/10.1055/s-0035-1558644] [PMID: 26417188]
Li J, Shalabi A, Ji F, Meng L. Monitoring cerebral ischemia during[2]
carotid endarterectomy and stenting. J Biomed Res 2017; 31(1): 31.
[PMID: 27231044]
Villela  PB,  Klein  CH,  Oliveira  GM.  Trends  in  mortality  from[3]
cerebrovascular and hypertensive diseases in Brazil between 1980 and
2012. Arq Bras Cardiol 2016; 107(1): 26-32.
[http://dx.doi.org/10.5935/abc.20160092] [PMID: 27355586]
Flumignan CDQ, Flumignan RLG, Navarro TP. Extracranial carotid[4]
stenosis:  evidence-based  review.  Rev  Col  Bras  Cir  2017;  44(3):
293-301.
[http://dx.doi.org/10.1590/0100-69912017003012] [PMID: 28767806]
Rein LCDS, Siqueira DED, Guillaumon AT, Avelar WM, Cendes F,[5]
Mesquita  RC.  Evaluation  of  the  brain  hemodynamic  response  by
means  of  near-infrared  spectroscopy  (NIRS)  monitoring  in  patients
with atherosclerotic carotid disease undergoing endarterectomy. J Vasc
Bras 2020; 19: e20190027.
[http://dx.doi.org/10.1590/1677-5449.190027] [PMID: 34178049]
Adams  HP  Jr,  Bendixen  BH,  Kappelle  LJ,  et  al.  Classification  of[6]
subtype of acute ischemic stroke. Definitions for use in a multicenter
clinical trial. TOAST. Trial of Org 10172 in Acute Stroke Treatment.
Stroke 1993; 24(1): 35-41.
[http://dx.doi.org/10.1161/01.STR.24.1.35] [PMID: 7678184]
Nederkoorn PJ, van der Graaf Y, Hunink MG. Duplex ultrasound and[7]
magnetic  resonance  angiography  compared  with  digital  subtraction
angiography in  carotid  artery  stenosis:  A systematic  review.  Stroke
2003; 34(5): 1324-32.
[http://dx.doi.org/10.1161/01.STR.0000068367.08991.A2]  [PMID:
12690221]
Koelemay MJ, Nederkoorn PJ,  Reitsma JB, Majoie CB. Systematic[8]
review  of  computed  tomographic  angiography  for  assessment  of
carotid artery disease. Stroke 2004; 35(10): 2306-12.
[http://dx.doi.org/10.1161/01.STR.0000141426.63959.cc]  [PMID:
15345798]
Avelar WM. Evaluation of brain white and gray matter in patients with[9]
asymptomatic  carotid  disease.  Doctoral  dissertation  Campinas:
Universidade Estadual de Campinas, Faculdade de Ciências Médicas
2013.
Oliveira  GP,  Guillaumon  AT,  Brito  IB,  Lima  JMT,  Benvindo  SC,[10]
Cendes F. The impact of revascularization on the carotid artery on the
cognitive function. J Vasc Bras 2014; 13: 116-22.
[http://dx.doi.org/10.1590/jvb.2014.056]

http://dx.doi.org/10.1055/s-0035-1558644
http://www.ncbi.nlm.nih.gov/pubmed/26417188
http://www.ncbi.nlm.nih.gov/pubmed/27231044
http://dx.doi.org/10.5935/abc.20160092
http://www.ncbi.nlm.nih.gov/pubmed/27355586
http://dx.doi.org/10.1590/0100-69912017003012
http://www.ncbi.nlm.nih.gov/pubmed/28767806
http://dx.doi.org/10.1590/1677-5449.190027
http://www.ncbi.nlm.nih.gov/pubmed/34178049
http://dx.doi.org/10.1161/01.STR.24.1.35
http://www.ncbi.nlm.nih.gov/pubmed/7678184
http://dx.doi.org/10.1161/01.STR.0000068367.08991.A2
http://www.ncbi.nlm.nih.gov/pubmed/12690221
http://dx.doi.org/10.1161/01.STR.0000141426.63959.cc
http://www.ncbi.nlm.nih.gov/pubmed/15345798
http://dx.doi.org/10.1590/jvb.2014.056


Near-infrared Spectroscopy during Carotid Endarterectomy The Open Cardiovascular Medicine Journal, 2022, Volume 16   13

Waton S, Johal A, Groene O, Cromwell D, Mitchell D, Loftus I. UK[11]
Carotid  Endarterectomy  Audit.  Round  5  Available  from:
https://www.vsqip.org.uk/content/uploads/2013/10/UK-Carotid-Endart
erectomy-Audit-Round-5-Report.pdf
Abbott AL. Medical (nonsurgical) intervention alone is now best for[12]
prevention  of  stroke  associated  with  asymptomatic  severe  carotid
stenosis:  results  of  a  systematic  review  and  analysis.  Stroke  2009;
40(10): e573-83.
[http://dx.doi.org/10.1161/STROKEAHA.109.556068]  [PMID:
19696421]
Amarenco P, Labreuche J, Lavallée P, Touboul PJ. Statins in stroke[13]
prevention and carotid atherosclerosis: systematic review and up-to-
date meta-analysis. Stroke 2004; 35(12): 2902-9.
[http://dx.doi.org/10.1161/01.STR.0000147965.52712.fa]  [PMID:
15514180]
Bennett  KM,  Scarborough  JE.  What  is  the  role  for  carotid  stenting[14]
versus endarterectomy? Adv Surg 2019; 53: 37-53.
[http://dx.doi.org/10.1016/j.yasu.2019.04.003] [PMID: 31327455]
Oderich GSC, Francisconi AB, Francisconi CRM, Pereira AH. Timing[15]
of carotid endarterectomy after a recent stroke. Rev Col Bras Cir 2001;
28: 280-7.
[http://dx.doi.org/10.1590/S0100-69912001000400009]
Endovascular  versus  surgical  treatment  in  patients  with  carotid[16]
stenosis in the Carotid and Vertebral Artery Transluminal Angioplasty
Study  (CAVATAS):  a  randomised  trial.  Lancet  2001;  357(9270):
1729-37.
[http://dx.doi.org/10.1016/S0140-6736(00)04893-5]  [PMID:
11403808]
Apinis  A,  Sehgal  S,  Leff  J.  Intraoperative  management  of  carotid[17]
endarterectomy. Anesthesiol Clin 2014; 32(3): 677-98.
[http://dx.doi.org/10.1016/j.anclin.2014.05.008] [PMID: 25113727]
Badenes R, García-Pérez ML, Bilotta F. Intraoperative monitoring of[18]
cerebral  oximetry  and  depth  of  anaesthesia  during  neuroanesthesia
procedures. Curr Opin Anaesthesiol 2016; 29(5): 576-81.
[http://dx.doi.org/10.1097/ACO.0000000000000371]  [PMID:
27367415]
Jaeger M, Soehle M, Schuhmann MU, Winkler D, Meixensberger J.[19]
Correlation of continuously monitored regional  cerebral  blood flow
and brain tissue oxygen. Acta Neurochir (Wien) 2005; 147(1): 51-6.
[http://dx.doi.org/10.1007/s00701-004-0408-z] [PMID: 15565486]
Aries MJ, Elting JW, De Keyser J, Kremer BP, Vroomen PC. Cerebral[20]
autoregulation  in  stroke:  a  review  of  transcranial  Doppler  studies.
Stroke 2010; 41(11): 2697-704.
[http://dx.doi.org/10.1161/STROKEAHA.110.594168]  [PMID:
20930158]
Moerman A, De Hert S. Cerebral oximetry: the standard monitor of[21]
the future? Curr Opin Anaesthesiol 2015; 28(6): 703-9.
[http://dx.doi.org/10.1097/ACO.0000000000000256]  [PMID:
26418554]
Hays  RJ,  Levinson  SA,  Wylie  EJ.  Intraoperative  measurement  of[22]
carotid back pressure as a guide to operative management for carotid
endarterectomy. Surgery 1972; 72(6): 953-60.
[PMID: 5087279]
Inoue T, Tsutsumi K, Ohwaki K, et al. Stratification of intraoperative[23]
ischemic  impact  by  somatosensory  evoked  potential  monitoring,
diffusion-weighted imaging and magnetic resonance angiography in
carotid endarterectomy with routine shunt use. Acta Neurochir (Wien)
2013; 155(11): 2085-96.
[http://dx.doi.org/10.1007/s00701-013-1858-y] [PMID: 23996165]
Vernieri F, Tibuzzi F, Pasqualetti P, et al. Transcranial Doppler and[24]
near-infrared  spectroscopy  can  evaluate  the  hemodynamic  effect  of
carotid artery occlusion. Stroke 2004; 35(1): 64-70.
[http://dx.doi.org/10.1161/01.STR.0000106486.26626.E2]  [PMID:
14684777]
Boushel R, Langberg H, Olesen J, Gonzales-Alonzo J, Bülow J, Kjaer[25]
M.  Monitoring  tissue  oxygen  availability  with  near  infrared
spectroscopy (NIRS) in health and disease. Scand J Med Sci Sports
2001; 11(4): 213-22.
[http://dx.doi.org/10.1034/j.1600-0838.2001.110404.x]  [PMID:
11476426]
Quaresima  V,  Sacco  S,  Totaro  R,  Ferrari  M.  Noninvasive[26]
measurement of cerebral hemoglobin oxygen saturation using two near
infrared spectroscopy approaches. J Biomed Opt 2000; 5(2): 201-5.
[http://dx.doi.org/10.1117/1.429987] [PMID: 10938784]
Palazzo  P,  Tibuzzi  F,  Pasqualetti  P,  et  al.  Is  there  a  role  of  near-[27]
infrared  spectroscopy  in  predicting  the  outcome  of  patients  with
carotid artery occlusion? J Neurol Sci 2010; 292(1-2): 36-9.

[http://dx.doi.org/10.1016/j.jns.2010.02.011] [PMID: 20207366]
Bor-Seng-Shu  E,  Kita  WS,  Figueiredo  EG,  et  al.  Cerebral[28]
hemodynamics: concepts of clinical importance. Arq Neuropsiquiatr
2012; 70(5): 352-6.
[http://dx.doi.org/10.1590/S0004-282X2012000500010]  [PMID:
22618788]
Vernieri  F,  Silvestrini  M,  Tibuzzi  F,  et  al.  Hemoglobin  oxygen[29]
saturation  as  a  marker  of  cerebral  hemodynamics  in  carotid  artery
occlusion:  an  integrated  transcranial  doppler  and  near-infrared
spectroscopy  study.  J  Neurol  2006;  253(11):  1459-65.
[http://dx.doi.org/10.1007/s00415-006-0244-6] [PMID: 16786210]
Jonsson M, Lindström D, Wanhainen A, Djavani Gidlund K, Gillgren[30]
P.  Near  infrared  spectroscopy  as  a  predictor  for  shunt  requirement
during carotid endarterectomy. Eur J Vasc Endovasc Surg 2017; 53(6):
783-91.
[http://dx.doi.org/10.1016/j.ejvs.2017.02.033] [PMID: 28431821]
Ali  AM,  Green  D,  Zayed  H,  Halawa  M,  El-Sakka  K,  Rashid  HI.[31]
Cerebral  monitoring  in  patients  undergoing  carotid  endarterectomy
using a triple assessment technique. Interact Cardiovasc Thorac Surg
2011; 12(3): 454-7.
[http://dx.doi.org/10.1510/icvts.2010.235598] [PMID: 21098425]
Rudziński  W,  Swiat  M,  Tomaszewski  M,  Krejza  J.  Cerebral[32]
hemodynamics and investigations of cerebral blood flow regulation.
Nucl Med Rev Cent East Eur 2007; 10(1): 29-42.
[PMID: 17694500]
Guyton  AC,  Hall  JE.  Tratado  de  fisiologia  médica.  Rio  de  Janeiro:[33]
Elsevier 2017.
Carlin RE, McGraw DJ, Calimlim JR, Mascia MF. The use of near-[34]
infrared  cerebral  oximetry  in  awake  carotid  endarterectomy.  J  Clin
Anesth 1998; 10(2): 109-13.
[http://dx.doi.org/10.1016/S0952-8180(97)00252-3] [PMID: 9524894]
Sato  K,  Sadamoto  T,  Hirasawa  A,  et  al.  Differential  blood  flow[35]
responses to CO2 in human internal and external carotid and vertebral
arteries. J Physiol 2012; 590(14): 3277-90.
[http://dx.doi.org/10.1113/jphysiol.2012.230425] [PMID: 22526884]
Kragsterman  B,  Pärsson  H,  Bergqvist  D.  Local  haemodynamic[36]
changes  during  carotid  endarterectomy--the  influence  on  cerebral
oxygenation. Eur J Vasc Endovasc Surg 2004; 27(4): 398-402.
[http://dx.doi.org/10.1016/j.ejvs.2004.01.024] [PMID: 15015190]
Rerkasem  K,  Rothwell  PM.  Local  versus  general  anaesthesia  for[37]
carotid  endarterectomy.  Cochrane  Database  Syst  Rev  2008;  (4):
CD000126.
[PMID: 18843606]
Reinhard M, Wehrle-Wieland E, Grabiak D, et al. Oscillatory cerebral[38]
hemodynamics--the macro- vs. microvascular level. J Neurol Sci 2006;
250(1-2): 103-9.
[http://dx.doi.org/10.1016/j.jns.2006.07.011] [PMID: 17011584]
Reinhard  M,  Schumacher  FK,  Rutsch  S,  et  al.  Spatial  mapping  of[39]
dynamic  cerebral  autoregulation  by  multichannel  near-infrared
spectroscopy in high-grade carotid artery disease. J Biomed Opt 2014;
19(9): 97005.
[http://dx.doi.org/10.1117/1.JBO.19.9.097005] [PMID: 25253194]
Guillaumon  AT,  Siqueira  LCD.  Geiger  MA  Endarterectomia  de[40]
carótida.Manual  do  residente  de  cirurgia  vascular/endovascular.
Curitiba:  Kairo's  2015;  pp.  64-5.
Conover  JW.  Practical  nonparametric  statistics.  New  York:  John[41]
Wiley & Sons 1971.
Kennedy WJ Jr, Gentle JE. Statistical Computing. New York: Marcel[42]
Dekker 1980.
Tukey JW. Exploratory data analysis. Reading, MA: Addison-Wesley[43]
1977.
Magalhães MN, Lima ACP. Noções de probabilidade e estatística 6a.[44]
São Paulo: EDUSP 2005.
Neter J, Kutner MH, Nachtsheim CJ, Wasserman W. Applied linear[45]
statistical models. Boston: WCB/MacGraw-Hill 1996.
Best DJ, Roberts JE. Algorithm AS 89: the upper tail probabilities of[46]
Spearman’s Rho. J R Stat Soc Ser C Appl Stat 1975; 24: 377-9.
Becquimin JP, Alimi YS, Watelet J, Loisance D. Controversies and[47]
update  in  vascular  and  cardiac  surgery.  Torino:  Edizioni  Minerva
Medica 2004.
Andersen AV, Simonsen SA, Schytz HW, Iversen HK. Assessing low-[48]
frequency  oscillations  in  cerebrovascular  diseases  and  related
conditions  with  near-infrared  spectroscopy:  a  plausible  method  for
evaluating  cerebral  autoregulation?  Neurophotonics  2018;  5(3):
030901.
[http://dx.doi.org/10.1117/1.NPh.5.3.030901] [PMID: 30689678]
Bonati  LH,  Dobson J,  Featherstone  RL,  et  al.  Long-term outcomes[49]

https://www.vsqip.org.uk/content/uploads/2013/10/UK-Carotid-Endarterectomy-Audit-Round-5-Report.pdf
https://www.vsqip.org.uk/content/uploads/2013/10/UK-Carotid-Endarterectomy-Audit-Round-5-Report.pdf
http://dx.doi.org/10.1161/STROKEAHA.109.556068
http://www.ncbi.nlm.nih.gov/pubmed/19696421
http://dx.doi.org/10.1161/01.STR.0000147965.52712.fa
http://www.ncbi.nlm.nih.gov/pubmed/15514180
http://dx.doi.org/10.1016/j.yasu.2019.04.003
http://www.ncbi.nlm.nih.gov/pubmed/31327455
http://dx.doi.org/10.1590/S0100-69912001000400009
http://dx.doi.org/10.1016/S0140-6736(00)04893-5
http://www.ncbi.nlm.nih.gov/pubmed/11403808
http://dx.doi.org/10.1016/j.anclin.2014.05.008
http://www.ncbi.nlm.nih.gov/pubmed/25113727
http://dx.doi.org/10.1097/ACO.0000000000000371
http://www.ncbi.nlm.nih.gov/pubmed/27367415
http://dx.doi.org/10.1007/s00701-004-0408-z
http://www.ncbi.nlm.nih.gov/pubmed/15565486
http://dx.doi.org/10.1161/STROKEAHA.110.594168
http://www.ncbi.nlm.nih.gov/pubmed/20930158
http://dx.doi.org/10.1097/ACO.0000000000000256
http://www.ncbi.nlm.nih.gov/pubmed/26418554
http://www.ncbi.nlm.nih.gov/pubmed/5087279
http://dx.doi.org/10.1007/s00701-013-1858-y
http://www.ncbi.nlm.nih.gov/pubmed/23996165
http://dx.doi.org/10.1161/01.STR.0000106486.26626.E2
http://www.ncbi.nlm.nih.gov/pubmed/14684777
http://dx.doi.org/10.1034/j.1600-0838.2001.110404.x
http://www.ncbi.nlm.nih.gov/pubmed/11476426
http://dx.doi.org/10.1117/1.429987
http://www.ncbi.nlm.nih.gov/pubmed/10938784
http://dx.doi.org/10.1016/j.jns.2010.02.011
http://www.ncbi.nlm.nih.gov/pubmed/20207366
http://dx.doi.org/10.1590/S0004-282X2012000500010
http://www.ncbi.nlm.nih.gov/pubmed/22618788
http://dx.doi.org/10.1007/s00415-006-0244-6
http://www.ncbi.nlm.nih.gov/pubmed/16786210
http://dx.doi.org/10.1016/j.ejvs.2017.02.033
http://www.ncbi.nlm.nih.gov/pubmed/28431821
http://dx.doi.org/10.1510/icvts.2010.235598
http://www.ncbi.nlm.nih.gov/pubmed/21098425
http://www.ncbi.nlm.nih.gov/pubmed/17694500
http://dx.doi.org/10.1016/S0952-8180(97)00252-3
http://www.ncbi.nlm.nih.gov/pubmed/9524894
http://dx.doi.org/10.1113/jphysiol.2012.230425
http://www.ncbi.nlm.nih.gov/pubmed/22526884
http://dx.doi.org/10.1016/j.ejvs.2004.01.024
http://www.ncbi.nlm.nih.gov/pubmed/15015190
http://www.ncbi.nlm.nih.gov/pubmed/18843606
http://dx.doi.org/10.1016/j.jns.2006.07.011
http://www.ncbi.nlm.nih.gov/pubmed/17011584
http://dx.doi.org/10.1117/1.JBO.19.9.097005
http://www.ncbi.nlm.nih.gov/pubmed/25253194
http://dx.doi.org/10.1117/1.NPh.5.3.030901
http://www.ncbi.nlm.nih.gov/pubmed/30689678


14   The Open Cardiovascular Medicine Journal, 2022, Volume 16 Rein et al.

after  stenting  versus  endarterectomy  for  treatment  of  symptomatic
carotid  stenosis:  the  International  Carotid  Stenting  Study  (ICSS)
randomised trial. Lancet 2015; 385(9967): 529-38.
[http://dx.doi.org/10.1016/S0140-6736(14)61184-3]  [PMID:
25453443]
Gurm  HS,  Yadav  JS,  Fayad  P,  et  al.  Long-term  results  of  carotid[50]
stenting versus  endarterectomy in  high-risk  patients.  N Engl  J  Med
2008; 358(15): 1572-9.
[http://dx.doi.org/10.1056/NEJMoa0708028] [PMID: 18403765]
Gonzales NR, Demaerschalk BM, Voeks JH, et al. Complication rates[51]
and  center  enrollment  volume  in  the  carotid  revascularization
endarterectomy  versus  stenting  trial.  Stroke  2014;  45(11):  3320-4.
[http://dx.doi.org/10.1161/STROKEAHA.114.006228]  [PMID:
25256180]
Brott TG, Howard G, Roubin GS, et al. Long-term results of stenting[52]
versus endarterectomy for carotid-artery stenosis. N Engl J Med 2016;
374(11): 1021-31.
[http://dx.doi.org/10.1056/NEJMoa1505215] [PMID: 26890472]
Jones DW, Brott TG, Schermerhorn ML. Trials and frontiers in carotid[53]
endarterectomy and stenting. Stroke 2018; 49(7): 1776-83.
[http://dx.doi.org/10.1161/STROKEAHA.117.019496]  [PMID:
29866753]
Cuadra  SA,  Zwerling  JS,  Feuerman  M,  Gasparis  AP,  Hines  GL.[54]
Cerebral oximetry monitoring during carotid endarterectomy: Effect of
carotid clamping and shunting. Vasc Endovascular Surg 2003; 37(6):
407-13.
[http://dx.doi.org/10.1177/153857440303700604] [PMID: 14671695]
Noiphithak R, Liengudom A. Recent update on carotid endarterectomy[55]
versus carotid artery stenting. Cerebrovasc Dis 2017; 43(1-2): 68-75.
[http://dx.doi.org/10.1159/000453282] [PMID: 27898402]
Guillaumon AT, Oliveira NG, Freire LMD, Baldini Neto L, Martins[56]
AM, Rocha EF. Carotid endarterectomy under locoregional anesthesia.
J Vasc Bras 2005; 4: 249-54.
[http://dx.doi.org/10.1590/S1677-54492005000300006]
Randomised trial of endarterectomy for recently symptomatic carotid[57]
stenosis:  final  results  of  the  MRC  European  Carotid  Surgery  Trial
(ECST). Lancet 1998; 351(9113): 1379-87.
[http://dx.doi.org/10.1016/S0140-6736(97)09292-1] [PMID: 9593407]
Rigamonti  A,  Scandroglio  M,  Minicucci  F,  Magrin  S,  Carozzo  A,[58]
Casati A. A clinical evaluation of near-infrared cerebral oximetry in
the  awake  patient  to  monitor  cerebral  perfusion  during  carotid
endarterectomy.  J  Clin  Anesth  2005;  17(6):  426-30.
[http://dx.doi.org/10.1016/j.jclinane.2004.09.007] [PMID: 16171662]
Schraag  S.  Combined  monitoring-brain  function  monitoring  and[59]
cerebral  oximetry.  J  Cardiothorac  Vasc  Anesth  2019;  33(Suppl.  1):
S53-7.
[http://dx.doi.org/10.1053/j.jvca.2019.03.041] [PMID: 31279353]
Hans  SS,  Jareunpoon  O.  Prospective  evaluation  of[60]
electroencephalography, carotid artery stump pressure, and neurologic
changes during 314 consecutive carotid endarterectomies performed in
awake patients. J Vasc Surg 2007; 45(3): 511-5.
[http://dx.doi.org/10.1016/j.jvs.2006.11.035] [PMID: 17275248]
Moritz S, Kasprzak P, Arlt M, Taeger K, Metz C. Accuracy of cerebral[61]
monitoring  in  detecting  cerebral  ischemia  during  carotid
endarterectomy:  a  comparison  of  transcranial  Doppler  sonography,
near-infrared spectroscopy, stump pressure, and somatosensory evoked
potentials. Anesthesiology 2007; 107(4): 563-9.
[http://dx.doi.org/10.1097/01.anes.0000281894.69422.ff]  [PMID:
17893451]
Boushel R, Piantadosi CA. Near-infrared spectroscopy for monitoring[62]
muscle oxygenation. Acta Physiol Scand 2000; 168(4): 615-22.
[http://dx.doi.org/10.1046/j.1365-201x.2000.00713.x]  [PMID:
10759598]
Lima A, Bakker J. Espectroscopia no infravermelho próximo para a[63]
monitorização  da  perfusão  tecidual.  Rev  Bras  Ter  Intensiva  2011;
23(3): 341-51.
[http://dx.doi.org/10.1590/S0103-507X2011000300013]  [PMID:
23949407]

Gómez  H,  Torres  A,  Polanco  P,  et  al.  Use  of  non-invasive  NIRS[64]
during  a  vascular  occlusion  test  to  assess  dynamic  tissue  O(2)
saturation  response.  Intensive  Care  Med  2008;  34(9):  1600-7.
[http://dx.doi.org/10.1007/s00134-008-1145-1] [PMID: 18523754]
Nenna A, Barbato R, Greco SM, et al. Near-infrared spectroscopy in[65]
adult cardiac surgery: between conflicting results and unexpected uses.
J Geriatr Cardiol 2017; 14(11): 659-61.
[PMID: 29321795]
Mesquita  RC,  Yodh  AG.  Diffuse  Optics:  fundamentals  and  tissue[66]
applications.
Boero JA, Ascher J, Arregui A, Rovainen C, Woolsey TA. Increased[67]
brain  capillaries  in  chronic  hypoxia.  J  Appl  Physiol  1999;  86(4):
1211-9.
[http://dx.doi.org/10.1152/jappl.1999.86.4.1211] [PMID: 10194205]
Mesquita  RC,  Putt  M,  Chandra  M,  et  al.  Diffuse  optical[68]
characterization of an exercising patient group with peripheral artery
disease. J Biomed Opt 2013; 18(5): 57007.
[http://dx.doi.org/10.1117/1.JBO.18.5.057007] [PMID: 23708193]
Kirkpatrick  PJ,  Lam  J,  Al-Rawi  P,  Smielewski  P,  Czosnyka  M.[69]
Defining  thresholds  for  critical  ischemia  by  using  near-infrared
spectroscopy in the adult brain. J Neurosurg 1998; 89(3): 389-94.
[http://dx.doi.org/10.3171/jns.1998.89.3.0389] [PMID: 9724112]
Germon TJ, Evans PD, Barnett NJ, Wall P, Manara AR, Nelson RJ.[70]
Cerebral near infrared spectroscopy: emitter-detector separation must
be increased. Br J Anaesth 1999; 82(6): 831-7.
[http://dx.doi.org/10.1093/bja/82.6.831] [PMID: 10562774]
Pennekamp CW, Bots ML, Kappelle LJ, Moll FL, de Borst GJ. The[71]
value of near-infrared spectroscopy measured cerebral oximetry during
carotid endarterectomy in perioperative stroke prevention. A review.
Eur J Vasc Endovasc Surg 2009; 38(5): 539-45.
[http://dx.doi.org/10.1016/j.ejvs.2009.07.008] [PMID: 19665397]
Murkin  JM,  Arango  M.  Near-infrared  spectroscopy  as  an  index  of[72]
brain and tissue oxygenation. Br J Anaesth 2009; 103(Suppl. 1): i3-
i13.
[http://dx.doi.org/10.1093/bja/aep299] [PMID: 20007987]
Espenell AE, McIntyre IW, Gulati H, et al. Lactate flux during carotid[73]
endarterectomy  under  general  anesthesia:  correlation  with  various
point-of-care monitors. Can J Anaesth 2010; 57(10): 903-12.
[http://dx.doi.org/10.1007/s12630-010-9356-7] [PMID: 20661680]
Forero  EJ,  Novi  SL,  Avelar  WM,  et  al.  Use  of  near-infrared[74]
spectroscopy to probe occlusion severity in patients diagnosed with
carotid atherosclerotic disease. Med Res Arch 2017; 5(6): 1-22.
[http://dx.doi.org/10.18103/mra.v5i6.1240]
Mille T, Tachimiri ME, Klersy C, et al.  Near infrared spectroscopy[75]
monitoring during carotid endarterectomy: which threshold value is
critical? Eur J Vasc Endovasc Surg 2004; 27(6): 646-50.
[http://dx.doi.org/10.1016/j.ejvs.2004.02.012] [PMID: 15121117]
Patelis  N,  Diakomi  M,  Maskanakis  A,  Maltezos  K,  Schizas  D,[76]
Papaioannou  M.  General  versus  local  anesthesia  for  carotid
endarterectomy: Special considerations. Saudi J Anaesth 2018; 12(4):
612-7.
[PMID: 30429745]
Guay J, Kopp S. Cerebral monitors versus regional anesthesia to detect[77]
cerebral  ischemia  in  patients  undergoing  carotid  endarterectomy:  a
meta-analysis. Can J Anaesth 2013; 60(3): 266-79.
[http://dx.doi.org/10.1007/s12630-012-9876-4] [PMID: 23385550]
Stilo F, Spinelli F, Martelli E, et al. The sensibility and specificity of[78]
cerebral oximetry, measured by INVOS - 4100, in patients undergoing
carotid  endarterectomy  compared  with  awake  testing.  Minerva
Anestesiol  2012;  78(10):  1126-35.
[PMID: 23059517]
Pennekamp CW, Immink RV, den Ruijter  HM, et  al.  Near-infrared[79]
spectroscopy  to  indicate  selective  shunt  use  during  carotid
endarterectomy. Eur J Vasc Endovasc Surg 2013; 46(4): 397-403.
[http://dx.doi.org/10.1016/j.ejvs.2013.07.007] [PMID: 23973277]
Wang  Y,  Li  L,  Wang  T,  et  al.  The  efficacy  of  near-infrared[80]
spectroscopy  monitoring  in  carotid  endarterectomy:  a  prospective,
single-center, observational study. Cell Transplant 2019; 28(2): 170-5.
[http://dx.doi.org/10.1177/0963689718817760] [PMID: 30545240]

© 2022 Rein et al.

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a copy of which is
available at: https://creativecommons.org/licenses/by/4.0/legalcode. This license permits unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.

http://dx.doi.org/10.1016/S0140-6736(14)61184-3
http://www.ncbi.nlm.nih.gov/pubmed/25453443
http://dx.doi.org/10.1056/NEJMoa0708028
http://www.ncbi.nlm.nih.gov/pubmed/18403765
http://dx.doi.org/10.1161/STROKEAHA.114.006228
http://www.ncbi.nlm.nih.gov/pubmed/25256180
http://dx.doi.org/10.1056/NEJMoa1505215
http://www.ncbi.nlm.nih.gov/pubmed/26890472
http://dx.doi.org/10.1161/STROKEAHA.117.019496
http://www.ncbi.nlm.nih.gov/pubmed/29866753
http://dx.doi.org/10.1177/153857440303700604
http://www.ncbi.nlm.nih.gov/pubmed/14671695
http://dx.doi.org/10.1159/000453282
http://www.ncbi.nlm.nih.gov/pubmed/27898402
http://dx.doi.org/10.1590/S1677-54492005000300006
http://dx.doi.org/10.1016/S0140-6736(97)09292-1
http://www.ncbi.nlm.nih.gov/pubmed/9593407
http://dx.doi.org/10.1016/j.jclinane.2004.09.007
http://www.ncbi.nlm.nih.gov/pubmed/16171662
http://dx.doi.org/10.1053/j.jvca.2019.03.041
http://www.ncbi.nlm.nih.gov/pubmed/31279353
http://dx.doi.org/10.1016/j.jvs.2006.11.035
http://www.ncbi.nlm.nih.gov/pubmed/17275248
http://dx.doi.org/10.1097/01.anes.0000281894.69422.ff
http://www.ncbi.nlm.nih.gov/pubmed/17893451
http://dx.doi.org/10.1046/j.1365-201x.2000.00713.x
http://www.ncbi.nlm.nih.gov/pubmed/10759598
http://dx.doi.org/10.1590/S0103-507X2011000300013
http://www.ncbi.nlm.nih.gov/pubmed/23949407
http://dx.doi.org/10.1007/s00134-008-1145-1
http://www.ncbi.nlm.nih.gov/pubmed/18523754
http://www.ncbi.nlm.nih.gov/pubmed/29321795
http://dx.doi.org/10.1152/jappl.1999.86.4.1211
http://www.ncbi.nlm.nih.gov/pubmed/10194205
http://dx.doi.org/10.1117/1.JBO.18.5.057007
http://www.ncbi.nlm.nih.gov/pubmed/23708193
http://dx.doi.org/10.3171/jns.1998.89.3.0389
http://www.ncbi.nlm.nih.gov/pubmed/9724112
http://dx.doi.org/10.1093/bja/82.6.831
http://www.ncbi.nlm.nih.gov/pubmed/10562774
http://dx.doi.org/10.1016/j.ejvs.2009.07.008
http://www.ncbi.nlm.nih.gov/pubmed/19665397
http://dx.doi.org/10.1093/bja/aep299
http://www.ncbi.nlm.nih.gov/pubmed/20007987
http://dx.doi.org/10.1007/s12630-010-9356-7
http://www.ncbi.nlm.nih.gov/pubmed/20661680
http://dx.doi.org/10.18103/mra.v5i6.1240
http://dx.doi.org/10.1016/j.ejvs.2004.02.012
http://www.ncbi.nlm.nih.gov/pubmed/15121117
http://www.ncbi.nlm.nih.gov/pubmed/30429745
http://dx.doi.org/10.1007/s12630-012-9876-4
http://www.ncbi.nlm.nih.gov/pubmed/23385550
http://www.ncbi.nlm.nih.gov/pubmed/23059517
http://dx.doi.org/10.1016/j.ejvs.2013.07.007
http://www.ncbi.nlm.nih.gov/pubmed/23973277
http://dx.doi.org/10.1177/0963689718817760
http://www.ncbi.nlm.nih.gov/pubmed/30545240
https://creativecommons.org/licenses/by/4.0/legalcode

	Near Infrared Spectroscopy For Cerebral Hemodynamic Monitoring During Carotid Endarterectomy Under General Anesthesia 
	[Background:]
	Background:
	Objective:
	Methods:
	Results and Discussion:
	Conclusion:

	1. INTRODUCTION
	1.1. Objective

	2. MATERIALS AND METHODS
	2.1. Patients and Methods

	3. RESULTS AND DISCUSSION
	4. DISCUSSION
	CONCLUSION
	LIST OF ABBREVIATIONS
	ETHICS APPROVAL AND CONSENT TO PARTICIPATE
	HUMAN AND ANIMAL RIGHTS
	CONSENT FOR PUBLICATION
	STANDARDS OF REPORTING
	AVAILABILITY OF DATA AND MATERIALS
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS 
	REFERENCES




