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Abstract Functional imaging methods, including posi-
tron emission tomography (PET) and functional magnetic
resonance imaging (fMRI), have become important tools
for studying how anesthetic drugs act in the human brain to
induce the state of general anesthesia. Recent imaging
studies using fMRI and PET techniques have demonstrated
the regional effects of propofol on the brain. However, the
pharmacological mechanism of the action of propofol in
the intact human central nervous system is unclear. To
explore the possible action targets of propofol in the human
brain, a systematic review of the literature was performed.
The literature search was performed with limiting factors
of “propofol,” “functional imaging,” “positron emission
tomography”, and “functional magnetic resonance imag-
ing” from 1966 to July 2013 (using Medline, EMBASE,
CINAHL and hand searches of references). Studies meet-
ing the inclusion criteria were reviewed and critiqued for
the purpose of this literature research. Eighteen researches
meeting the inclusion criteria were reviewed in terms of the
appropriateness of valuation technique. In the unconscious
state, propofol sharply reduces the regional glucose
metabolism rate (fGMR) and regional cerebral blood flow
(rCBF) in all brain regions, particularly in the thalamus.
However, GMR, such as in the occipital, temporal, and
frontal lobes, was obviously decreased at a sedative dosage
of propofol, whereas, changes in the thalamus were not
obvious. Using fMRI, several studies observed a decrease
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of connectivity of the thalamus versus an increase of
connectivity within the pons of the brainstem during pro-
pofol-induced mild sedation. During deep sedation, pro-
pofol preserves cortical sensory reactivity, the specific
thalamocortical network is moderately affected, whereas
the nonspecific thalamocortical network is severely sup-
pressed. In contrast, several recent fMRI studies are con-
sistent on the systemic decreased effects of propofol in the
frontoparietal network. Accumulating evidence suggest
that propofol-induced unconsciousness is associated with a
global metabolic and vascular depression in the human
brain and especially with a significant reduction in the
thalamocortical network and the frontoparietal network.

Keywords Propofol - Functional imaging - Positron
emission tomography - Functional magnetic resonance
imaging - Human brain

Introduction

Functional imaging methods are a comprehensive, non-
invasive diagnostic imaging technique. To show in vivo
biochemical, metabolic, and functional changes, these
methods can be used combined with more traditional
anatomical imaging techniques [1]. These methods,
including positron emission tomography (PET) and func-
tional magnetic resonance imaging (fMRI), have become
important tools for studying how to induce the state of
general anesthesia for anesthetic drugs acting in the human
brain [2]. Using PET first and fMRI thereafter, recent
imaging studies have demonstrated regional effects of
many anesthetic agents on the brain. Using PET,
researchers measured propofol-induced changes in regional
glucose metabolism rate (rGMR) [3-6] and regional
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cerebral blood flow (rCBF) [6-10]. fMRI studies have
taken the alternative approach of measurement of changes
in stimulus-induced activity within specific sensory or
cognitive systems during general anesthesia [11-18].

Propofol is a potent intravenous anaesthetic agent with a
rapid onset and a short duration of action. It is widely used
both for induction and maintenance of anaesthesia, as well
as for sedation in the intensive care unit [19]. Despite the
prevalence of its use, the fundamental question of what is
the functional target of propofol in the human brain
remains unanswered. Previous studies have been mainly
focused on molecular and cellular targets of propofol. It is
now well accepted that propofol produces its hypnotic
effects by a positive modulation of the inhibitory function
of the neurotransmitter GABA through GABA4 receptors,
and via presynaptic mechanisms of GABAergic transmis-
sion [20, 21]. However, in the intact central nervous sys-
tem, especially in human beings during anesthesia, the
pharmacological mechanism of propofol in the brain is still
a mystery. Whether it acts on the cortex or thalamus is still
controversial [22].

The objective of this paper was to provide a review on
anesthetic effects of propofol in the brain revealed by func-
tional imaging, to present an inventory of current researches,
and to suggest the directions for future research.

Materials and methods
Search criteria

Relevant literature search was performed using the most
common database of medical literature as shown below:

Medline (Through Pubmed; 1966 to July 2013),

EMBASE (1980-2013 week 21),

and CINAHL (1982 to July week 1 2013).

The search was performed with limiting factors of
“propofol,” “functional imaging,” ‘“positron emission
tomography”, and “functional magnetic resonance imag-
ing”. Some papers and the reference lists of articles selected
for review were found by manual methods. Additional lit-
erature identified from these references that contained rel-
evant supporting information were then included.

Inclusion/exclusion criteria

After excluding identical papers, we carried out a selection
of peer-reviewed articles to include in our study. The
selected articles were to meet the following criteria:

e The papers that focused on anesthetic effects of
propofol in the brain revealed by functional imaging
were selected.

@ Springer

e All subjects in the selected articles were healthy right-
handed adult volunteers.

e In the selected articles, only propofol in different
concentration was given by intravenous infusion.

e The letters to the editor, the papers contained no
primary data, or the single case reports or abstracts
were excluded.

Results

After a screening of abstracts, eighteen articles underwent
further analysis. There were two reports published before
2000, five papers published between 2000 and 2009, and
nine papers in the 2010s. There were four papers mainly
focused on propofol-induced changes in rCBF, five studies
on propofol-induced changes in rGMR, and seven articles
on anesthetic effects of propofol in the brain revealed by
fMRI.

Propofol-induced changes on rGMR and rCBF

There were four and five studies focused on propofol-
induced changes in rGMR [3-6] and rCBF [6-10],
respectively. Most of their data were similar, the detailed
data and the different data were listed in Tables 1 and 2,
separately.

In the unconscious state, propofol sharply reduces
rGMR and rCBF in all brain regions, particularly in the
thalamus. GMR, such as occipital, temporal and frontal
lobe, was obviously decreased at a sedative dosage of
propofol. However, changes in the thalamus were not
obvious.

Anesthetic effects of propofol in the brain revealed
by fMRI

There were eight studies focused on propofol-induced
changes using fMRI: Mhuircheartaigh et al. [11], Boveroux
et al. [12], Zhang et al. [13], Stamatakis et al. [14],
Schrouff et al. [15], Schroter et al. [16], Liu et al. [17], and
Gili et al. [18]. The most detailed data and the different
data are listed in Table 3.

Several studies have observed both preservation and
alteration of corticocortical connectivity during sedation
and anesthesia. Some researchers reported a decrease of
connectivity of the thalamus versus an increase of con-
nectivity within the pons of the brainstem during propofol-
induced mild sedation. During deep sedation, propofol
preserves cortical sensory reactivity, the specific thalamo-
cortical network is moderately affected, and the nonspecific
thalamocortical network is severely suppressed. In contrast,
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several recent fMRI studies are consistent on the effect of
propofol that having systemic decreases in the frontopari-
etal network.

Discussion

Since the pioneering work of Jasper [23] and Moruzzi [24],
the thalamus and the brainstem reticular formation have
been known to play a critical role in the regulation of
consciousness levels. In particular, GABAergic cells of the
reticular thalamic nucleus seem to control bursting activity
of the thalamocortical neurons and, in turn, to modulate
cortical activity [25]. Therefore, most previous studies on
the effects of propofol on the human central nervous sys-
tem have identified the thalamus as a key target.

Anesthetic effects of propofol in the brain revealed
by PET

PET is based on the intravenous administration of mole-
cules that are labeled by positron-emitting isotopes. It is a
novel method capable of producing quantitative high-res-
olution data from the whole brain and enables three-
dimensional (3D) metabolic and flow studies in the living
human brain [26]. Depending on the administered molecule
and according to changes in brain state, PET measures
rCBF distribution across the brain (150 labeled water),
glucose uptake ('°F labeled glucose), and neurotransmis-
sion system activities [27]. Neuronal activation in the brain
is assumed to be coupled by parallel changes in rtGMR and
rCBF [28].

Propofol-induced changes on rtGMR

Recent evidence suggest that rtGMR more directly reflects
fluctuating neuronal activity than the regional oxygen
consumption during local activation [28]. Many studies
focused on rGMR with PET to measure propofol-induced
changes.

In the unconscious state, propofol markedly reduced
GMR in all brain regions [3—6]. Cerebral glucose metab-
olism in the thalamus, cerebral cortex, hippocampus, and
cerebrum was decreased, particularly in the thalamus [5],
indicating that the thalamus might be the target region for
propofol to induce unconsciousness [5, 6]. However, cor-
tical glucose metabolism, such as in the occipital lobe,
temporal lobe, and frontal lobe, was obviously reduced at a
sedative dosage of propofol, but changes in subcortical
regions like the thalamus were not obvious [5]. Based on
the data, it may be deduced that the sedative function of
propofol is probably induced by direct inhibition of the
higher central cortical neurons that control consciousness

@ Springer

and mental actions rather than inhibition of the ascending
reticular activating system.

Moreover, it is well-known that the hippocampus and
cingulate gyrus are important structures of the limbic sys-
tem that are involved in autonomic nervous system regu-
lation of the visceral, cardiovascular, and endocrine
systems [29]. Under the propofol-induced unconsciousness
state, the reduced blood pressure and respiratory rate found
in the present study might be related to neuronal actions in
the hippocampus region and cingulated gyrus.

Propofol-induced changes on rCBF

As blood flow and neuronal activity are tightly coupled
under normal conditions, changes in blood flow are accu-
rate markers of changes in activity. In addition to a gen-
eralized decrease in global CBF induced by propofol [6—
10, 26], an important contribution of the early studies was
to reveal that propofol-induced unconsciousness is con-
sistently associated with a reduction in the medial thala-
mus, orbitofrontal region, and the medial parietoocciptal
cortex, including the cuneus and precuneus, and the pos-
terior cingulate, and right angular gyri [7, 8, 26, 30].
Moreover, there was a strong negative correlation between
rCBF in the medial thalamus and propofol concentration.
The changes in CBF are linked to the specific effects of
propofol on neuronal activity and are not the result of a
nonspecific regional effect on CNS vasculature [7].

Propofol may influence neurovascular coupling.
Although propofol has depressive effects on respiration
during anesthesia, it has been shown that autoregulation of
cerebral vasculature is intact at sedative concentrations [7],
and the drug does not appear to affect the regional cerebral
blood flow response to brain activity [10].

The results provide strong evidence that reductions
in rCBF in the thalamus is functionally related to pro-
pofol-induced unconsciousness independently of non-
specific effects of propofol. These observations confirm
that the thalamus is a key element in understanding
how propofol causes unconsciousness and how patients
wake up from anaesthesia. Furthermore, they are con-
sistent with the notion that propofol-induced uncon-
sciousness is associated with reduced cholinergic
activation [31].

Anesthetic effects of propofol in the brain revealed
by fMRI

The fMRI provides an effective nontraumatic method for
observing the structural and functional changes of the
human brain [32]. Compared with PET, the advantages of
fMRI are more excellent in temporal and spatial resolution
[33]. One scan could get the anatomical and functional
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image in fMRI without the need for tracer agents or
exposure to radiation [34].

In recent years, increasing attention has been paid to
coherent  spontaneous  blood-oxygen-level-dependent
(BOLD) in the low frequency range as observed by fMRI.
A BOLD signal change is based on hemodynamic changes
in the CNS, which is a direct consequence of alterations in
neuronal activity [35]. Intrinsic brain activity, as reflected
in spontaneous slow fluctuations in BOLD signals in fMRI,
has been proposed to provide important clues about brain
organization [36] and mapping of its spatiotemporal cor-
relation structure. It seems a promising approach to assess
basic properties of brain function [37]. To date, more and
more researches have revealed the effects of anesthesia on
BOLD signal response to chemical or sensory stimulation.

Thalamus as a “switch” or “read-out” of propofol-
induced unconsciousness

Is thalamus a “switch” or a “read-out” of propofol-
induced unconsciousness [21, 38]? In recent years, the
thalamic “switch” hypothesis was based on human neu-
roimaging studies, which identified thalamic depression as
a common feature of intravenous anesthesia [7]. In con-
trast, some studies demonstrated the cortex was the site
mediating anesthetic-induced unconsciousness. Therefore,
a subsequent depression of the thalamus might reflect a
“read-out” of diminished cortical activity [39]. In the lit-
erature, there is still a debate on the question whether
anesthesia-induced hypnosis results primarily from the
action on the thalamus [16, 17, 40, 41] or on the cortex
[11-16, 39]. Several studies have observed both preserva-
tion and alteration of cortico-cortical connectivity during
sedation and unconsciousness. However, results may
depend on the agent studied and the degree of sedation.
Propofol has many interesting properties for its effects
varying as a function of concentration [21]. These prop-
erties will be described at length in a later paper.

The thalamus and propofol-induced unconsciousness

The most consistent regional effect produced by propofol
at loss of consciousness is a reduction of thalamic metab-
olism and blood flow. In a previous study using PET
imaging, the researchers observed in the subcortical
regions that the decrease of rGMR was greatest in the
thalamus [5]. Therefore, several authors have proposed that
thalamic activity could act as a consciousness switch,
allowing cortical arousal [40]. Revealed by fMRI, Gili and
coworkers [18] observed a decrease of connectivity of the
thalamus versus an increase of connectivity within the pons
of the brainstem during propofol-induced mild sedation.
Specifically, the thalamus is out of touch with a widespread

set of cortical and subcortical regions, and then the thala-
mus centrality decreases. Consistent with their observa-
tions of thalamic functional disconnection from a wide
range of cortical and subcortical areas and with electro-
physiological measurements [40], a functional disconnec-
tion between structurally distinct cortical regions and the
thalamus has been suggested to be the cause of anesthesia-
induced hypnosis [41].

Recently, Liu et al. [17] unlocked the vault of the
thalamus by fMRI to differentiate the role of specific and
nonspecific thalamocortical systems in propofol-induced
unconsciousness. The thalamocortical system is a bilateral
structure and has two thalamic nuclei, the specific and
nonspecific divisions, and they may play the roles of
mediating the relay of peripheral information to a particular
area of sensory cortex and mediating multimodal integra-
tion of information, respectively [38]. The thalamocortical
connectivity at baseline was dominantly medial and bilat-
eral frontal and temporal for the specific system, and it was
medial frontal and medial parietal for the nonspecific sys-
tem. However, during loss of consciousness, propofol
preserves cortical sensory reactivity [42]. The specific
thalamocortical network is moderately affected, while the
nonspecific thalamocortical network is severely suppressed
and subsequently reactivated after recovery of conscious-
ness (Fig. 1).

The cortex connectivity and propofol-induced
unconsciousness

Are some cortical areas more significant than the thalamus
for propofol-induced unconsciousness? Propofol has tra-
ditionally been considered to decrease activity in a wide-
spread bilateral frontoparietal brain structures [13, 22].
Several recent fMRI researchers are consistent about the
effect of propofol decreasing systemically in subcortico-
cortical and corticocortical connectivity [11-16]. Region-
ally, the connectivity of the thalamus [16], putamen [11,
16], posterior cingulate [14], hypothalamus [13], and sev-
eral multimodal associative and sensory cortices are also
reduced (Fig. 2).

Propofol and consciousness networks

It is worth mentioning that the definition of “intrinsic
connectivity networks” [43] brings about a further step to
comprehend the possible action targets of propofol anes-
thesia. These networks consist of the medial frontoparietal
default mode network (DMN) [44], the dorsolateral fron-
toparietal executive control network (ECN) [45], and the
visual and auditory networks [46]. They are higher-order
information processing networks to support the emergence
of mental content and of the inner self [27].
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Fig. 1 The center median-
parafascicular complex is made
up of the centromedian and the
parafascicolar. It is the
important component group in
the thalamus intralaminar
lamina. It was used as a seed to
calculate nonspecific
thalamocortical connectivity.
The rest of the thalamus was
used as a seed for calculating
specific thalamocortical
connectivity

Medial
geniculate body

Fig. 2 Brain areas associated
with propofol anesthetic effects
are frontal and parital lobe
(DMN and ECN), thalamus,
hypothalamus, posterior
cingulate cotex and pons

Frontal lobe

Corpus callosum

Medial dorsal |nternal medullary
Centromedian mina
Lateral dorsal

Anterior
thalami

[ Parital lobe
- ECN = /

s/ : __-Temporpal lobe

Thalamus

Hypothalamus

In recent years, several fMRI studies have suggested that
propofol disturbs cerebral connectivity and stereotypical
patterns of brain responses [22]. During deep sedation,
propofol largely and significantly reduces but does not
abolish corticocortical and thalamocortical connectivity in
frontoparietal segregation (DMN and ECN) in large-scale
brain networks [12, 15] (Fig. 1). These findings showed that
coherent integration among frontoparietal cortices is
important in the generation of conscious perception [15, 47,
48]. Furthermore, when propofol produces loss of con-
sciousness, a negative correlation was identified between
thalamic and cortical activity in these networks. In contrast,
connectivity was globally preserved in low-level sensory
cortices (visual and auditory networks) [12, 15, 16].

Conclusion

Functional imaging studies have provided essential progress
for exploring propofol-altered consciousness. Propofol and
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Posterior
_____—— cingulate
cotex
v ——Occipital lobe
Midbrain ( |
Pons N
Medulla
T Cerebellum
Spinal cord ——

the state of unconsciousness is associated with a significant
reduction on rCBF and rGMR in most cortical areas and the
thalamus. It decreases the activity of the nonspecific thala-
mocortical network or the most frontoparietal network.
Nevertheless, although much published data has accumulated
about the effective role of consciousness networks in the
emergence of the conscious experience, supplementary evi-
dence should still be required to further verify other mech-
anisms of propofol-altered consciousness.
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