Journal of
INTERNATIONAL
MEDICAL RESEARCH

Clinical Research Report

Journal of International Medical Research

Influence of propofol on O & Toe Author() 2018
Article reuse guidelines:

the electroencephalogram S
default mOde network in joLJrna;ls.sagepub.com/home/imr
®SAGE

patients of advanced age

Jing-Dong Ke'%, Min Xu', Pei-Pei Wang',
Min Wang?, Ming Tian? and
Andrew C.N. Chen'

Abstract

Objective: This study was performed to evaluate the effects of propofol on the electroenceph-
alogram (EEG) default mode network (DMN) in patients of advanced age.

Methods: Fifteen men aged >60 years (mean, 70 years) were selected. Propofol target-
controlled infusion was performed under EEG bispectral index monitoring. The propofol
target effect-site concentration, blood pressure, heart rate, and distributions and powers of
the EEG spectrum were recorded in an awake state and under anesthesia. The EEG included
seven bands: delta (0.5-3.5 Hz), theta (4.0-7.0 Hz), alpha-1 (7.5-9.5 Hz), alpha-2 (10-12 Hz),
beta-1 (13-23 Hz), beta-2 (24-34 Hz), and gamma (3545 Hz).

Results: From an awake state to anesthesia, the brain topographic map showed that the energies
of delta, theta, alpha-I, alpha-2, and beta-| were concentrated in the frontoparietal site, and the
power increased significantly. The energy distribution of beta-2 was significantly decreased and
the power significantly reduced. The energy distribution of gamma in the temporal lobe was also
markedly decreased and the power significantly reduced.

Conclusions: This study revealed the changes in the spatial distribution and regional energy of
the EEG DMD in men of advanced age from the awake state to the anesthetized state.
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Introduction

Propofol is a short-acting intravenous anes-
thetic characterized by rapid and complete
recovery and no accumulation after
continuous infusion. After induction of
anesthesia, the frequency of the electroen-
cephalogram (EEG) is inhibited and the
activity of neurons is significantly decreased
as the drug concentration increases, and the
typical erosive suppression waveform may
occur.! However, quantification of the tra-
ditional EEG energy is mainly based on
measurement of the frequency and ampli-
tude of a single channel or one-by-one
channel. The brain does not produce fre-
quency changes corresponding to brain
functions at a single point but instead pro-
duces regional brain function changes with
the functional area as a unit. Therefore, we
need to fully study and show changes in the
EEG in a more comprehensive and intuitive
way. The EEG default mode network
(DMN) refers to the presence of a set of
resting states in the brain when a subject
closes his or her eyes in a quiet state,
which is more active than a cognitive task.
The DMN is employed to calculate the spec-
tral powers of the region of interest, forming
a three-dimensional brain color image. The
DMN can reflect the default state of brain
activity, and its integrity can be used to eval-
uate the consciousness level of patients with
confusion of consciousness.’

To date, the impact of anesthetics on
EEG research has only been studied in
adults; few reports involving patients of
advanced age have been published. As the
aged population grows, increasingly more
older patients require surgical treatment.
One study showed a negative correlation
between propofol clearance and the central
compartment volume and age in patients
aged >60 years.> Older patients have a
reduced tolerance and need for various
narcotic drugs. In fact, changes in the anes-
thetic requirement are parallel to the rate of

loss of cortical neurons, the rate of decrease
in cortical neuron density, the absolute
values of the decrease in the brain metabolic
rate and cerebral blood flow, and the
decrease in age-related neurotransmitter
activity and related receptors.* These char-
acteristics of older patients cause them to be
more prone to postoperative cognitive dys-
function and postoperative mental disorder
than younger patients.

Therefore, as a special group, individuals
of advanced age have drawn increasingly
more attention, and basic research of the
effect of anesthetics on brain function in
these patients is also increasing. This study
was performed to explore the impact of
propofol anesthesia on brain function in
individuals of advanced age.

Materials and methods

Subjects and experimental conditions

Fifteen male volunteers (American Society
of Anesthesiologists grade I or II) aged 60
to 78 years (mean, 70 years) participated in
this study. Patients with cerebrovascular
diseases (e.g., cerebral infarction, cerebral
hemorrhage), Alzheimer’s disease, or a his-
tory of a psychological disorder and those
who took psychiatric drugs were excluded.
All patients provided written informed con-
sent under the requirements of the Helsinki
Declaration. This study was approved by
the ethics committee of Capital Medical
University [approval No. (2011) CMU
(041)]. All subjects were identified as right-
handed by the Edinburgh Handedness
Questionnaire Survey. All subjects were
required to complete various scales of psy-
chological characteristics before the experi-
ment to ensure that their mental state was
within the normal range. These scales were
the State Anxiety (SA) scale, Trait Anxiety
(TA) scale, Fear Survey Schedule-IT (FSS-
1), General Self-Efficacy Scale (GSES), and
Simplified Coping Style Scale (SCSS).
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During this study, the subjects lay in
bed and the room remained quiet with
a room temperature of 22°C to 24°C.
Electrocardiogram, noninvasive blood pres-
sure, and peripheral oxygen saturation
monitors were connected. Venous access
was established in the right upper limb,
and Ringer’s lactate solution was infused.
The electrodes were arranged according to
the 10/20 combined paradigm system,’ with
the double-lug electrode used as the refer-
ence electrode. A bispectral index (BIS)
electrode was attached as required and con-
nected with an A-200XP BIS monitor
(Aspect Medical Systems, Norwood, MA,
USA). Target-controlled infusion (TCI) of
500 mg of 1%W/V propofol (Batch ER 782;
AstraZeneca, Milan, Italy) was started via a
Diprifusor TCI system (AstraZeneca) with a
Graseby 3500 syringe pump (Graseby, UK) at
a rate of 4 pg/mL until anesthesia was
achieved (BIS of 40). The EEG data were
recorded throughout the whole course, and
the BIS, blood pressure, heart rate, and
target effect-site concentration per minute
were recorded at the same time. During

(a) cz

administration, the patient continuously
inhaled pure oxygen through the mask with
an oxygen flow rate of 5 L/minute, and the
oxygen saturation was maintained at >95%.

EEG recording and pretreatment

The EEG treatment method was based on a
previous study performed by our group.®
The Al/AgCl electrode data on high-
density 22-channel EEG and 2-channel
electro-oculogram (EOG) data were collect-
ed continuously for 2 minutes in the awake
and anesthetized states using the ANT
EEG system (ANT Neuro, Enschede, the
Netherlands). Figure 1 shows all electrode
positions and names.

The EOG contaminated part of the scalp
and was removed from the offline analysis.
All EEG waves were recorded with an aver-
age reference value, but both sides were
re-referenced offline (A1 + A2 on average).
The EEG wave data were collected at
512Hz, and the electrode impedance
remained below 5 kQ. The EEG data were
filtered by a 0.16- to 100-Hz filter offline,

(b)

%

Figure I. (a) Front view and (b) back view of the 10/20 22-channel EEG electrodes. Positions and names of
the EEG recording electrodes are depicted: FP1, FP2, F7, F8, F3, F4, FZ, T3, T4, T5, T6, C3, C4, CZ, P3, P4,
PZ, Ol, O2, OZ, MI, M2, Al, and A2. EEG, electroencephalogram.
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and segmentation (2 s each), delineation,
and false exclusion pretreatment were per-
formed. The artifact suppression method
includes the use of large amplitudes (over
480 uV) to exclude cells, direct current
bias, flicker, and slow eye movement con-
sistent with EOG.

The extrapolated virtual value of the
adjacent electrode was used to replace the
“bad electrode.” After exclusion of EOG
contamination and nonspecific illusion, the
EEG wave data (cycle: 2 s) of each group
were analyzed by fast Fourier transform
(FFT) to obtain seven bands of EEG
power (uwv?). The seven bands were
delta (0.5-3.5 Hz), theta (4-7 Hz), alpha-1
(7.5-9.5 Hz), alpha-2 (10-12 Hz), beta-1
(13-23 Hz), beta-2 (2434 Hz), and
gamma (35-45 Hz). The above bands were
defined using conventional International
Federation of Clinical Neurophysiology
guidelines rather than according to individ-
ual spectral characteristics.

For both the awake and anesthetized
state, a 2-minute-long EEG wave was ana-
lyzed in 2-s units, resulting in a total of 60
cells. For each awake and anesthetized
state, the mean value of the effective cells
was calculated for FFT analysis using
ASA4.7.3.1 software (ANT Neuro). The
total mean value of the FFT plot at differ-
ent stages of the brain topographic map
(256 tones) and the average amplitude of
the surface EEG waves were calculated
using the three-dimensional “quasi-real-
istic” cerebral cortical model of the spline
interpolation function. For each of the
seven EEG frequencies, the scalp power
spectrum was inserted with an interpolation
from a 22-channel EEG, separating the
maximum power point/electrode and calcu-
lating its value. The ranges of the maximum
and minimum values of the EEG spectral
power frequency were established by auto-
matic scaling.

The total power (the sum of the spectral
energy of the electrodes) of each EEG

frequency in the region of interest (ROI)
was calculated by the relative measured
value of the seven frequencies in each state
(awake and anesthetized) We converted the
ROI of each brain topographic map to a
standard value to obtain a comparable
quantification of the field power and to
define the spatial range of the main spectral
operation with the field power of the ROI.
The ROI was spatially separated by a
region where the spectral power displayed
in the electrode exceeded the critical effec-
tive value (EV), which was equal to 70.7%
of the maximum value (EV =0.707, Vmax),
which was defined as the ROI effective
energy. The EV was taken as 70.7% of the
maximum value, and all EEG values were
arranged from small to large. For statistical
comparisons between different states or
conditions, the ROI containing the elec-
trode array was selected as the template.
We calculated the sum of the electrode
values in the ROI of each subject and per-
formed a statistical analysis with its mean
value, in which the dependent variable of
interest was the average field power of the
electrode array above the EV rather than
the power of a single electrode.

Statistical analysis

All data were analyzed with SPSS for
Windows, Version 16.0 (SPSS Inc.,
Chicago, IL, USA). The paired t test was
used to assess the EEG power, blood pres-
sure, heart rate, and BIS. A P value of <0.05
was considered statistically significant.

Results

Psychological health

All enrolled subjects had normal results on
the psychological scales: 35 for the SA scale
(39.71 +8.89), 39.67 for the TA scale (41.11
+7.74), 69.53 for the FSS-1I (<300), 3.04
for the GSES (2.69+0.57), 2.1 (1.78
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+0.52) for the positive SCSS, and 1.49
(1.59 £0.66) for the negative SCSS.

Effects of propofol on EEG

From the awake state to anesthesia, the sys-
tolic blood pressure significantly decreased
from 137.06+17.35 to 101 +£11.77 mmHg,
and the diastolic blood pressure significantly
decreased from 79.67 + 11.61 to 71.67 £ 11.89
mmHg (P < 0.001). The heart rate significant-
ly increased from 65.64+1093 to 71.67
+ 11.89 beats/minute (P < 0.001). The target
effect-site concentration under anesthesia was
3.194+0.56 pg/mL. Figure 2 shows that the
BIS significantly decreased from 94.13 +4.36
to 33.13+6.78 (P<0.001). The time from
the awake state to anesthesia was 7.33
+ 2.19 minutes.

Figure 3 exhibits the field powers of the
seven frequency bands distributed on brain
topographic maps from the awake state to
the anesthetized state. Table 1 shows that
the seven band field powers significantly
changed from the awake state to the anes-
thetized state (P <0.05). From the awake
state to anesthesia, the brain topographic
maps showed that the energies of delta,
theta, alpha-1, alpha-2, and beta-1 were
concentrated in the frontoparietal site, and

the power increased significantly (P < 0.05).
Meanwhile, the energy distribution of beta-
2 and the power significantly decreased
(P<0.05). The energy distribution of
gamma in the temporal lobe also markedly
decreased, and the power was significantly
reduced (P <0.01).

Discussion

Several studies have shown that the pre-
frontal region of the brain, which is the
main site of action for propofol, may exhib-
it an amplitude increase and energy aggre-
gation of different EEG frequencies, mainly
involving the delta waves,’ beta waves, and
alpha waves.>® However, our results are
somewhat different. The three main reasons
for the differences between the results of
previous studies and those of our study
are as follows. First, the EEG recording
method was different. Previous studies
used the traditional method of EEG record-
ing, which detects increased amplitudes of
individual EEG frequencies; this method
only calculates the changes in such frequen-
cies and does not fully reflect the EEG
changes in all frequency bands or clearly
show the distribution area of different
frequency bands in the brain. The EEG

120
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“ 7.33+2.19min
m
40 ~—
1
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Awake Anesthesia

Figure 2. BIS and interval from the awake to anesthetized state. The decrease in the mean BIS from the
awake to anesthetized state in the patient group is depicted: the x-axis represents the change from the awake
to anesthetized state for all patients, and the y-axis represents the mean BIS. BIS, bispectral index.
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Table I. Seven band field powers from the awake state to the anesthetized state.

Awake SD Anesthetized SD/change P value
Delta 51.32 28.68 128.08 35.18/2349,, 0.001
Theta 2.5 0.85 12.95 7.82/3129, 0.001
Alpha-1 4.09 3.58 7.16 4.51/759, 0.04
Alpha-2 3.68 4.35 13.31 7.47/5619,, 0.001
Beta-| 4.85 2.22 11.22 5.63/2359, 0.001
Beta-2 2.01 1.28 1.054 0.49/0.529;, 0.026
Gamma 1.31 1.19 0.24 0.13/0.18%, 0.006

SD, standard deviation

DMN used in the present study can detect
the EEG changes of all seven frequency
bands; it is not limited to detection of
only an increased amplitude of the band.
Therefore, this method can more fully and
accurately indicate the EEG distribution
and changes in the brain. Second, some
studies used propofol in combination with
other sedatives, opioids, or muscle relax-
ants, which have an impact on the effect
of propofol.!” Finally, the anesthetic
administration routes differed. The main
intravenous administration methods for
general anesthetics are single administra-
tion, constant-speed infusion, and TCI.
Previous studies were based on a single
administration, in which a stable plasma
concentration and anesthetic cannot be
maintained; additionally, the EEG might
exhibit a series of different changes as the
plasma concentration fluctuates. Compared
with the traditional intravenous modes of
administration, the use of TCI technology
is more accurate and allows for easier main-
tenance of a stable depth of anesthesia.!" In
addition, a good correlation exists between
the BIS and drugs acting on the cerebral
cortex, such as propofol, midazolam, and
sevoflurane; thus, the BIS can be used to
assess the depth of anesthesia.'” Therefore,
through TCI and BIS monitoring, a stable
anesthetic depth can be achieved using pro-
pofol with more accurate recording of EEG
changes. Moreover, propofol metabolism

can be affected by age, sex, weight, and
ethnic factors, among which age is an
important influencing factor. Previous stud-
ies mostly involved adults,"® but our study
focused on subjects of advanced age as a
special population.

The brain of older individuals undergoes
great changes in anatomical structure and
physiological function, which may corre-
spondingly affect the EEG. This is mainly
because the anatomical structure and func-
tional status of the brain in older people is
considerably different from that in young
people as follows. First, both the thickness
of the cerebral cortex and the overall struc-
ture decline in older individuals.'"* Second,
the gray matter atrophies and white matter
lesions appear between healthy and patho-
logically degraded tissue.'” Third, older
individuals have increased ventricular
space.'® Finally, skull and scalp atrophy
may affect EEG conduction. Moreover,
the drug metabolic capacity in older indi-
viduals is substantially decreased because
of decreased organ function. Both the min-
imum alveolar concentration and the toler-
ance to propofol are reduced in patients of
advanced age,'” and these changes may be
associated with the marked decline in
GABA receptor tension associated with
aging.'® Nevertheless, no comprehensive
and reasonable physiological explanation
of the relationship between EEG changes
and age has been established. Synchronous
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reduction of cortical synaptic density and
cortical cells may be the main factors affect-
ing the EEG in individuals of advanced
age."” The hypnotic effect of propofol and
the spectrum pattern in EEG differ between
old and young patients. During induction,
patients aged >70 years may reach a
deeper EEG level than younger patients
and require a longer time to reach deeper
EEG phases and be restored to lighter
EEG phases.”® Additionally, our compari-
son of men of advanced age and young
men in the EEG DMN closed-eye state
showed that the delta, theta, alpha-2, and
beta-1 wave powers were lower and the
alpha-1 and gamma powers were higher in
the older men than in the young men.
Accordingly, the low- and medium-
frequency EEGs of older individuals are
weakened as a whole compared with those
of young people, resulting in different reac-
tions to propofol.

The central mechanism of action of pro-
pofol in general intravenous anesthesia
remains incompletely understood. Many
scholars have studied the effect of propofol
on the EEG using different methods and
have drawn some meaningful conclusions.
Propofol, like other general anesthetics,
acts on a variety of cortical and subcortical
structures involving a variety of neuronal
cell types and molecular targets that can
produce changes in the EEG. The DMN
is the brain’s default mode and can reflect
the connection between brain anatomy and
function. The default mode of the neural
network reflects the brain’s level of con-
sciousness in a normal state, and its integ-
rity can be used as a sign of disturbance of
consciousness. Studies have shown that the
alpha wave frequency is correlated to the
awake and quiet state when the eyes are
closed, and the beta wave frequency is
closely associated with the blood oxygen
level of the DMN;?! the ultra-slow frequen-
cy EEG wave (<0.1 Hz) is also related to
the DMN activity.”> Gamma wave energy

size and synchronization can help maintain
a sense of wakefulness. Some studies have
suggested that gamma wave activity is
decreased after anesthesia,”® while others
have shown an increase in gamma wave
energy after anesthesia.>* This contradic-
tion may be derived from differences in
the anesthetics and the depth of anesthesia,
which lead to the nonidentity of drug action
and thus affect the accuracy and compara-
bility of study. In the present study, TCI
was used to maintain a fixed depth of anes-
thesia under BIS monitoring conditions,
which could more accurately reflect the
effect of propofol on the EEG.

In conclusion, we used EEG DMN to
study EEG changes in 15 men of advanced
age with propofol anesthesia. The method
was based on the spatial distribution and
quantitative analysis of powers. The results
showed that low-frequency EEG (0.5-23 Hz)
accumulated in the frontal and parietal lobes
of the brain after propofol anesthesia
while the power significantly increased, and
the spatial distribution and energy of high-
frequency EEG (24-45 Hz) significantly
decreased. The DMN can be used to quali-
tatively and quantitatively analyze the EEG
in different states in a comprehensive way,
which is an effective method to further study
the mechanism of action of general anes-
thetics. For a more comprehensive analysis
of the mechanism of general anesthetics,
more detailed observations of EEG changes
may be made to choose different types of
general anesthetics and different depths of
anesthesia in the future.

Declaration of conflicting interest

The authors declare that there is no conflict
of interest.

Funding

This research received no specific grant from any
funding agency in the public, commercial, or
not-for-profit sectors.



4668 Journal of International Medical Research 46(11)
References recovery of consciousness from propofol.
1. Huotari AM, Koskinen M, Suominen K, Proc Natl  Acad  Sci USA  2013;

10.

I1.

12.

13.

et al. Evoked EEG patterns during burst
suppression with propofol. Br J Anaesth
2004; 92: 18-24.

. Guldenmund P, Vanhaudenhuyse A, Boly

M, et al. A default mode of brain function
in altered states of consciousness. Arch Ital
Biol 2012; 150: 107-121.

. Schultz A, Grouven U, Zander I, et al. Age-

related effects in the EEG during propofol
anaesthesia. Acta Anaesthesiol Scand 2004;
48: 27-34.

. Gyulai FE. Anesthetics and cerebral metabo-

lism. Curr Opin Anaesthesiol 2004; 17: 397-402.

. Oostenveld R, Praamstra P. The five percent

electrode system for high-resolution EEG
and ERP measurements. Clin Neurophysiol
2001; 112: 713-7109.

. Chen AC, Feng W, Zhao H, et al. EEG

default mode network in the human brain:
spectral regional field powers. Neuroimage
2008; 41: 561-574.

. Lee U, Muller M, Noh GJ, et al. Dissociable

network properties of anesthetic state tran-
sitions. Anesthesiology 2011; 114: 872-881.

. Ching S, Cimenser A, Purdon PL, et al.

Thalamocortical model for a propofol-
induced alpha-rhythm associated with loss
of consciousness. Proc Natl Acad Sci 2010;
107: 22665-22670.

. Murphy M, Bruno MA, Riedner BA, et al.

Propofol anesthesia and sleep: a high-
density EEG study. Sleep 2011; 34: 283-291.
Vuyk J. Clinical interpretation of pharmaco-
kinetic and pharmacodynamic propofol-
opioid interactions. Acta Anaesthesiol Belg
2001; 52: 445-451.

Moerman AT, Herregods LL and De Vos
MM. Manual versus target-controlled infu-
sion remifentanil administration in sponta-
neously breathing patients. Anesth Analg
2009; 108: 828-834.

Rinaldi S, Consales G and De Gaudio AR.
State entropy and bispectral index: correla-
tion with end tidal sevoflurane concentra-
tions. Minerva Anestesiol 2007; 73: 39-48.
Purdon PL, Pierce ET, Mukamel EA, et al.
Electroencephalogram signatures of loss and

14.

16.

18.

19.

20.

21.

22.

23.

24.

110: E1142-E1151.

Fjell AM, Walhovd KB, Fischl B, et al.
Cognitive function, P3a/P3b brain poten-
tials, and cortical thickness in aging. Hum
Brain Mapp 2007; 28: 1098-1116.

. Bolandzadeh N, Davis JC, Tam R, et al. The

association between cognitive function and
white matter lesion location in older adults:
a systematic review. BMC Neurol 2012;
12: 126.

Becker JT, Duara R, Lee CW, et al. Cross-
validation of brain structural biomarkers and
cognitive aging in a community-based study.
Int Psychogeriatr 2012; 24: 1065-1075.

. Schnider TW, Minto CF, Shafer SL, et al. The

influence of age on propofol pharmacody-
namics. Anesthesiology 1999; 90: 1502-1516.
Leventhal AG, Wang Y, Pu M, et al. GABA
and its agonists improved visual cortical
function in senescent monkeys. Science
2003; 300: 812-815.

Nissen C, Feige B, Voderholzer U, et al.
Gender-dependent age effects on sleep
EEG power density in major depression.
Somnologie 2002; 6: 7-12.

Schultz B, Schultz A, Grouven U, et al.
Changes with age in EEG during anesthesia.
Anaesthesist 1995; 44: 467-472.

Jann K, Kottlow M, Dierks T, et al.
Topographic electrophysiological signatures
of FMRI Resting State Networks. PLoS
One 2010; 5: e12945.

Picchioni D, Horovitz SG, Fukunaga M,
et al. Infraslow EEG oscillations organize
largescale cortical-subcortical interactions
during sleep: A combined EEG/fMRI
study. Brain Res 2011; 1374: 63-72.
Cantero JL, Atienza M, Madsen JR, et al.
Gamma EEG dynamics in neocortex and
hippocampus during human wakefulness
and sleep. Neuroimage 2004; 22: 1271-1280.
Perez-Garci E, del-Rio-Portilla Y, Guevara
MA, et al. Paradoxical sleep is characterized
by uncoupled Gamma activity between fron-
tal and perceptual cortical regions. Sleep
2001; 24: 118-126.



	table-fn1-0300060518788241

