Chin Med Sci |
September 2015

Vol. 30, No. 3
P. 135-142

CHINESE
MEDICAL SCIENCES
JOURNAL

ORIGINAL ARTICLE

Propofol Affects Different Human Brain Regions
Depending on Depth of Sedation”

Xiang Quan, Tie-hu Ye*, Si-fang Lin, Liang Zou,
and Shou-yuan Tian

Department of Anesthesiology, Peking Union Medical College Hospital,
Chinese Academy of Medical Sciences & Peking Union Medical
College, Beijing 100730, China

Key words: propofol; bispectral index; functional magnetic resonance imaging; anesthesia

Objective To investigate the effect of propofol on brain regions at different sedation levels and the
association between changes in brain region activity and loss of consciousness using blood oxygen
level-dependent functional magnetic resonance imaging (BOLD-fMRI) and bispectral index (BIS) monitoring,

Methods Forty-cight participants were enrolled at Peking Union Medical College Hospital from
October 2011 to March 2012 and randomly assigned to a mild or a deep sedation group using computer-
generated random numbers. Preliminary tests were performed a week prior to scanning to determine target
effect site concentrations based on BIS and concomitant Observer’s Assessment of Alertness/Sedation scores
while under propofol. Within one week of the preliminary tests where propofol dose-response was established,
BOLD-fMRI was conducted to examine brain activation with the subject awake, and with propofol infusion at
the sedation level.

Results  Mild propofol sedation inhibited left inferior parietal lobe activation. Deep sedation inhibited
activation of the left insula, left superior temporal gyrus, and right middle temporal gyrus. Compared with

mild sedation, deep propofol sedation inhibited activation of the left thalamus, precentral gyrus, anterior

cingulate, and right basal nuclei.

Conclusion Mild and deep propofol sedation are associated with inhibition of different brain regions,

possibly explaining differences in the respective loss of consciousness processes.
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ROPOFOL is a short-acting intravenous anes-
thetic that has been widely used for many years
in clinical settings. Yet there is no definitive
explanation for how propofol exerts its effects on
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the human brain leading to loss of consciousness. Previous
studies have mainly focused on molecular and cellular
targets of propofol.!? However, the functional target of
propofol in human brain on a systemic level is not fully
understood.

Blood oxygen level-dependent functional magnetic
resonance imaging (BOLD-fMRI) provides a method for
non-invasive real-time exploration of the brain areas that
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are activated under sedation or anesthesia.>* Of particular
interest are the areas of the human brain that are
involved in propofol-induced behavioral changes such as
loss of consciousness and amnesia.>® Recent studies
suggested that inhibition of the temporal lobe and
thalamus could result in a reduction of consciousness.®”’
However, these studies did not objectively measure the
depth of sedation or differentiate levels of consciousness.

In the present study, bispectral index (BIS) and
modified Observer’s Assessment of Alertness/Sedation
(OAA/S) scoring® were used to monitor the depth of
sedation and to verify loss of consciousness. BOLD-fMRI
was employed to detect the brain areas underlying the
sedative effect of propofol, and to delineate the brain areas
that are associated with loss of consciousness.

SUBJECTS AND METHODS

Participant selection

Forty-eight healthy right-handed male volunteers (aged
20-39 years, weight 50-80 kg, body mass index 18-25
kg/m?) were recruited from Clinical Pharmacology Center
of Peking Union Medical College Hospital from October
2011 to March 2012. None of the participants had any
metal implants, history of allergies or snoring, history or
physical evidence of neurological or psychiatric disease, or

was taking any medications at the time of the present study.

Based on a previous fMRI cohort analysis, 20 subjects or more
are required in fMRI studies in order to have sufficient
reliability.’ Considering the possible loss of data, 48
volunteers were included in this study, 24 in each group.

The protocol of this study was approved by the Research
Ethics Committee of Peking Union Medical College Hospital.
All the participants provided written informed consent.

Groups and sedation levels

The participants were randomly assigned to a mild or a
deep sedation group (n = 24 in each group) using computer-
generated random numbers (Excel 2003; Microsoft,
Redmond, WA, USA) in sealed envelopes. Mild sedation
was defined as a modified OAA/S of 3 (i.e., responding only
after their names were called loudly or repeatedly) and a
BIS of 60-80. Deep sedation was defined as a modified
OAA/S of 1 (not responding to mild prodding or shaking)
and a BIS of 40-60."

On the first visit (i.e., preliminary tests), the participants
received propofol outside the magnetic resonance (MR)
scanner. The target effect-site concentration (ESC) of
propofol was slowly increased until the designated sedation
level (mild or deep) was achieved. On the second visit (i.e.,
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BOLD-fMRI scanning tests), propofol was delivered to the
target ESC based on the trial in the first visit, and the target
ESC was maintained for 3 minutes during BOLD-fMRI
scanning.

Preliminary tests

Preliminary tests were performed a week prior to
BOLD-fMRI scanning to determine target ESCs based on
BIS and concomitant OAA/S scores while under propofol.
Before the test, food intake was inhibited for 8 hours, and
water intake for 4 hours. During the tests, all the
participants received supplemental oxygen (6 L/min) via a
nasal cannula to ensure peripheral oxygen saturation
(Sp0,) = 92%.' The blood pressure, heart rate, Sp0,, and
end-tidal carbon dioxide concentration (ETCO,) of all the
participants were measured, and electrocardiography (ECG)
was performed. BIS was measured throughout the first
visit using a BIS*® monitor (model A-2000, Aspect Medical
Systems, Natick, MA, USA).

Lactated Ringer's solution was injected at 10 ml-kg™*-h*
into the antecubital vein.!? Propofol (10 mg/ml, Astra-
Zeneca SpA, Caponago, Milano, Italy) was administered
through a Graseby 3500 Diprifusor Syringe Pump (SIMS
Graseby, Watford, UK). The initial target plasma concen-
tration was set at 1.0 pg/ml, and the plasma concentration
was increased by 0.3 pg/ml every 10 minutes until the
target BIS value was reached. The target ESC of propofol
was the average ESC required to reach a BIS between 80
and 60 for the mild sedation group, or a BIS between 60
and 40 for the deep sedation group. The target ESC was
maintained for 10 minutes, and an OAA/S was recorded.
After the test, each volunteer was allowed to leave only
after meeting the criteria for safe discharge according to
Aldrete’s score.*?

BOLD-fMRI scanning
Scanning was performed within one week after the
preliminary tests. Before scanning, each participant was
positioned supine on the bed at rest for 30 minutes with
eyes closed and instructed to relax and think about nothing.
Their ears were then covered with earmuffs, and heads
were fixed with sponge pads and tape to avoid movements.
Blood pressure, heart rate, ECG, and SpO, were monitored
using a magnetic-resonance-compatible monitor (Medrad
9500 Multigas Monitor, PA, USA), and ETCO, with a gas
monitor (GE Detax-Ohmeda, USA). All the participants
received supplemental oxygen (6 L/min) via a nasal
cannula. BIS monitoring was not performed, as the monitor
was not compatible with the MR room.

Lactated Ringer’s solution was injected at 10 ml-kg™*-h™



Vol. 30, No.3

into the antecubital vein. The entire scanning process
included 60 cycles (Cy) for 20 minutes. The participants
were first scanned under wakeful baseline conditions for
1.5 minutes (0-5 Cy). At the beginning of the fifth cycle,
propofol was infused using a target-controlled infusion
system (Graseby 3500 Diprifusor Syringe Pump), until the
target ESC was reached (5-50 Cy). The target ESC was
maintained for 3 minutes during sedation scanning (50-60
Cy). The OAA/S was obtained immediately after scanning.

Structural imaging was conducted on a 3.0 T whole-
body MR scanner (Signa VHi Excite II, GE, USA) and with
an 8-channel phased array head coil. The slice thicknesses
of the anatomical and functional images were both 10 mm
and the interval was 0 mm. Turbo spin-echo sequences
were used to get two-dimensional images with 256x256
matrix. Field of view was 300 mmx300 mm, scanning

matrix was 96x96, and reconstructed matrix was 128x128.

The parameters of echo-planar imaging scanning were
repetition time/echo time at 3000/50 ms and flip angle at
90°. The spatial resolution was 0.5x0.5x10 mm?>. The
scanning was performed from calotte to medulla oblongata,
and the functional imaging was performed with automatic
shimming and lipid suppression technology.

Statistical analysis

In each cycle, 10 image planes were collected, producing a
total of 500 image planes. All images and data from the
fMRI were analyzed using SPM8 software (http://www.
fil.ion.ucl.ac.uk/spm/). For each volunteer, the brain regions
activated at wakeful baseline and under the desired
sedation level were identified through space preprocessing
and statistical analysis. The purpose of the intra-group
comparison of activated regions in the wakeful baseline
and under sedation was to reveal the brain regions inhibited
while under sedation, and the inter-group comparison of
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activated regions showed the brain regions that were
inhibited with increasing depth of sedation. Statistical
parametric maps of the t-statistics (SPMt) were obtained
and corrected for multiple comparisons based on Gaussian
Random Field theory [Family-wise error (FWE) correction,
voxel >10, P < 0.01]. The anatomical location of brain
regions were identified using MNI coordinates. For fMRI
data analysis, voxel >10 was considered statistically
significant, because cluster-level thresholding is more
reliable than voxel-based thresholding.” FWE correction
and P < 0.01 was applied to control the error rate to ensure
that every voxel activated was a true active voxel.> °

General data were analyzed using SPSS 13.0 software.
All values are presented as means + standard deviation.
Unpaired t-test was applied for inter-group comparisons of
demographics and clinical data; paired
intra-group comparisons of clinical data. P < 0.05 was
considered statistically significant.

t-test for

RESULTS

Forty participants completed the study, 20 in each
group. The data from eight participants were discarded due
to excessive head movement (n = 3), oxygen saturation <
92% (n = 2), or OAA/S and BIS mismatch (OAA/S of 1 with
BIS at 60-80, n = 3).

General information

No significant differences in mean age, weight or body
mass index between the two groups were found (all P >
0.05, Table 1). The target ESCs of propofol for the mild and
deep sedation groups were 1.52 + 0.28 and 2.50 £ 0.55
pg/ml, respectively. After propofol infusion, no significant
changes in hemodynamic indices or intra-group and inter-
group ETCO, were found (P > 0.05, Table 1).

Table 1. Demographics and clinical data of the mild and deep sedation groups® (both n=20)

Groups Age Weight BMI Propofol MAP (mm Hg)
(yrs) (kg) (kg/m?) (Hg/ml) Wakeful Sedated

Mild sedation 334 60 £ 3 20.8 £ 0.3 1.52 £ 0.28 809 78 £ 7
Deep sedation 34 +3 58 +£6 20.6 £ 0.5 2.50 £ 0.55 82 +8 79+ 5
P 0.86 0.78 0.81 0.02 0.72 0.77

Groups HR ( bpm) SpO; (%) ETCO, (mm Hg)

Wakeful Sedated Wakeful Sedated Wakeful Sedated

Mild sedation 67 £9 70 £ 12 97.7 £ 1.2 96.7 £ 1.3 38.2 +£2.7 40.1 £ 3.9
Deep sedation 635 65+ 8 97.8+ 1.0 96.6 £ 1.0 38.5 +£ 3.8 425+ 4.6
P 0.68 0.67 0.88 0.87 0.85 0.65

§: Plus-minus values are means+SD.

BMI: body mass index; MAP: mean arterial pressure; HR: heart rate; SpO,: peripheral oxygen saturation; ETCO,: end-tidal carbon

dioxide concentration.
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Imaging data and the right middle temporal gyrus (Fig. 2, Table 2).
Mild sedation inhibited the activation of the left inferior Compared with mild sedation, deep sedation inhibited the
parietal lobe (Fig. 1, Table 2). Deep sedation inhibited the activation of the left thalamus, precentral gyrus, anterior

activation of the left insula, the left superior temporal gyrus, cingulate, and the right basal nuclei (Fig. 3, Table 2).

Figure 1. Mild sedation inhibited the activation of the left inferior parietal lobe. The images consist of a color-rendered statistical
map of activation registered onto high-resolution structural scans that have been transformed to standardized brain
geometry (MNI space). Colors are used to display the T scores for voxel activation, from red (the lowest T) to yellow (the
highest T). A low T reflects low activation and vice versa.

Table 2. Comparison of activated brain areas between different sedative states in the mild and
deep sedation groups (both n=20)

MNI coordinates

Activated brain areas T value Voxel L/R BA

X y z

Wakeful vs. mild Inferior parietal lobule 7.22 22 L 40 -40 -56 40
sedation Insula 14.09 163 L - -38 -7 8
Wakeful vs. deep Superior temporal gyrus 9.68 19 L 22 -65 -36 20
sedation Middle temporal gyrus 31.65 46 R 39 55 -58 12
Thalamus 16.76 185 L — -14 -33 5

Precentral gyrus 10.99 26 L 3 -42 -17 58

Mild sedation vs. Anterior cingulate 8.16 19 L 32 -14 32 22
deep sedation Basal nuclei: claustrum 7.92 56 R — 32 6 -2
Basal nuclei: putamen 7.27 56 R - 28 -6 -1

T value: t statistic for the maximally significant voxel, relates to the column “activated brain areas” and indicates the precise degree
of activation; voxel: volumetric pixel, representing a value on a regular grid in three dimensional space; L: left hemisphere; R: right
hemisphere; BA: Brodmann area, a region of the cerebral cortex defined based on its cytoarchitecture, or organization of cells; MNI
coordinates: the most commonly used system for reporting coordinates in neuroimaging (X, y, z), by inputting the MNI coordinates,
the standardized Brodmann areas and accurate location of the brain areas can be acquired; —: not available.
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Figure 3. Compared with mild sedation, deep sedation inhibited the activation of the left thalamus, precentral gyrus, anterior

cingulate, and the right basal nuclei.
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DISCUSSION

This study showed that mild sedation (OAA/S = 3; BIS,
60-80) inhibited the activation of the left inferior parietal
lobe, suggesting that this brain region may be important
for mild propofol sedation; deep sedation (OAA/S =1, BIS,
40-60) inhibited the activation of the left insula, the left
superior temporal gyrus, and the right middle temporal
gyrus, indicating the importance of these brain regions in
deep propofol sedation. Increasing the depth of sedation
inhibited the activation of the left thalamus, precentral
gyrus, anterior cingulate, and the right basal nuclei,
implicating these brain regions in increasing the depth of
sedation. Because deepening sedation induced loss of
consciousness (determined by decreasing BIS and
OAA/S’s), these brain regions may be involved in the loss
of consciousness.

The BIS is the first parameter approved by the United
States Federal Drug Administration (1996) for measuring
depth of anesthesia, initially to assess the hypnotic compo-
nent of anesthesia. It is currently used as a measure of the
level of consciousness during sedation, with a dimen-
sionless number that ranges from zero (electroen-
cephalographic silence) to 100 (fully awake and alert). The
recommended BIS for general anesthesia is 40 to 60, when
consciousness is lost.!* In this study, mild and deep
sedation were defined as BIS scores of 60-80 and 40-60,
respectively. Expanding the range of BIS scores that
defined each group increased the number of brain regions
corresponding to each state of consciousness, thus making
the inter-group comparisons more salient. Because the BIS
monitor is not compatible with the MR room in our hospital,
preliminary tests were performed outside the MR room to
determine the ESC of propofol required to achieve the
desired BIS score, rather than monitoring real-time BIS
during scanning. The sedative state of a volunteer could be
inferred by applying the target ESC during fMRI scanning in
the following week.

The design of this study also included an increased
separation of OAA/S’s between the mild and deep sedation
groups of 3 and 1, respectively. Three participants in the
mild sedation group (BIS 60 to 80) were found with an
OAA/S =1 as their ESC reached the target ESC. To keep a
clear demarcation between the two groups, data from
these three volunteers were excluded. In this way, both the
BIS and OAA/S’s of the two groups allowed for adequate
differentiation of the responses to treatment. In general,
an OAA/S score of 3 indicates partial consciousness, while
an OAAS of 1 indicates loss of consciousness.® Thus
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according to the BIS and OAA/S, the volunteers in the mild
sedation group were conscious, while those in the deep
sedation group were unconscious. Loss of consciousness
was the key difference between the two groups; the brain
regions important to loss of consciousness were thus
identified by comparing the activated brain regions.

Under the influence of propofol, activity in the left
inferior parietal lobe was inhibited only during mild
sedation. The inferior parietal lobe is known to be involved
in advanced language integration.'® The inhibition of this
area found in the present study suggests the suppression
of integrative functions related to language, and may
explain patients’ unclear speech during mild sedation
observed in clinical settings. Activity in the left insula, the
left superior temporal gyrus, and the right middle temporal
gyrus was suppressed during deep sedation. The exact
function of the insula is unclear. Since the temporal lobe
has been associated with auditory information processing
and memory,® the results of this study imply that deep
sedation might inhibit hearing and memory. Previous
studies have shown that memory loss occurs at BIS 40-60
and an OAA/S of 1.° The present study verifies memory
inhibition during deep sedation based on anatomical
location, thus adding evidence to the conclusion of
previous studies.

Compared with mild sedation, deep sedation inhibited
the activity of the left thalamus, precentral gyrus, anterior
cingulate, and right basal nuclei, suggesting that these four
regions may be the key to loss of consciousness, in logical
concordance with the findings of other studies. For
example, it has been shown in previous studies that the
thalamus is functionally related to propofol-induced
unconsciousness.®!® The human primary motor cortex is
located on the precentral gyrus, so reduced activation in
this region with increasing depth of sedation in the present
study implies suppression of motor control, which is similar
to the finding of a previous study.!’

The anterior cingulate appears to have conscious
experience functions.!® It has roles in a wide variety of
autonomic functions such as regulating blood pressure and
heart rate, as well as rational cognitive functions such as
reward anticipation, decision-making, empathy, impulse
control, and emotion.'® In the present study, the inhibition
of the anterior cingulate with increasing sedative depth
suggests that rational cognitive function was significantly
reduced. In the present study, deep sedation also inhibited
activity of the right basal nuclei. The claustrum is an
important part of a network that subserves consciousness,*
and the main function of the putamen is to regulate
movements* and influence various types of learning.?
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Suppression of this region under sedation may imply
reduced movement regulation and learning ability.

All BOLD-fMRI studies are limited in that results are an
indirect reflection of neuronal mass activity.* The rationale
underlying fMRI is that brain activity may be measured by
detecting associated changes in blood flow. Therefore,
other factors that affect the cerebral blood flow, such as
hemodynamic indices and partial pressure of CO; in arterial
blood (PaCO,), may influence the results.?* There were no
significant changes in the hemodynamic indices or ETCO,
before and after the infusion of propofol in this study, and
therefore these factors probably had marginal influence on
cerebral blood flow and changes in regional cerebral blood
flow observed in this study were mainly due to the
functional activity of the brain. With the aim of
distinguishing between the mild and deep sedation groups
in this study, we did not allocate a moderate sedation
group, so as to examine the brain area associated with loss
of consciousness, which was the key difference between
the two groups. In addition, the BIS value could not be
monitored during the fMRI scanning due to equipment
incompatibility. In addition, the BIS value from the first
visit (preliminary tests) was used instead, which is a
reasonable substitute for real-time BIS value. To ensure
the credibility of the data, information was discarded
when the OAA/S and BIS did not match.

In conclusion, mild propofol sedation inhibits the left
inferior parietal lobe, while deep sedation inhibits the left
insula, superior temporal gyrus, and right middle temporal
gyrus. The left thalamus, precentral gyrus, anterior
cingulate, and right basal nuclei may be involved in the loss
of consciousness.
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