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REVIEW

Neuropsychopharmacological effects 
of midazolam on the human brain
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Abstract 

As a commonly used anesthetic agent, midazolam has the properties of water-soluble, rapid onset, and short dura-
tion of action. With the rapid development in the field of neuroimaging, numerous studies have investigated how 
midazolam acts on the human brain to induce the alteration of consciousness. However, the neural bases of mida-
zolam-induced sedation or anesthesia remain beginning to be understood in detail. In this review, we summarize 
findings from neuroimaging studies that have used midazolam to study altered consciousness at different levels and 
content. We also compare the results to those of neuroimaging studies using diverse anesthetic agents and describe 
the common neural correlates of anesthetic-induced alteration of consciousness.
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1 Introduction
Midazolam is a widely used intravenous anesthetic agent 
with rapid onset, short duration of action and relatively 
rapid plasma clearance. It is mainly used to produce pre-
operative sedation and the induction of general anes-
thesia [1, 2]. Every year, millions of patients undergo 
anesthesia, drugs that induce an anesthetic state of 
diminished level of consciousness [3]. Despite the inesti-
mable value to the medical and surgical services, the fun-
damental question of what is the neural mechanism by 
which anesthetic agents induce alteration of conscious-
ness remains unanswered.

In the past decades, with the development of the field 
of neuroimaging, significant progress has been made in 
understanding functional changes in human brain associ-
ated with consciousness. Functional imaging methods are 
comprehensive, real-time, non-invasive techniques and 
show in  vivo metabolic and functional changes. These 
methods, especially positron emission tomography (PET) 

and functional magnetic resonance imaging (fMRI), have 
been extensively used for exploring neural correlates of 
anesthetic-induced altered consciousness [4, 5]. As an 
experimental paradigm, anesthetic-induced anesthe-
sia combined with functional neuroimaging presents a 
unique approach for studying neural responses as a func-
tion of consciousness [6].

This review first summarizes the pharmacology, phar-
macodynamics of midazolam and altered cognitive 
function during midazolam-induced sedation. Then, we 
review findings from neuroimaging studies that have 
used midazolam to study changes in brain activity at 
reduced levels and content of consciousness, both with 
stimulation task and at resting state. In the following, we 
compare these results to those of neuroimaging studies 
using diverse anesthetic agents and describe the com-
mon neural correlates of anesthetic-induced alteration of 
consciousness.

2  Structure, pharmacodynamics, 
and pharmacokinetics of midazolam

Midazolam is a 1,4-imidazole benzodiazepine and the 
first water-soluble benzodiazepine [1, 7]. Midazolam 
structure is unique and characterized by environmen-
tal pH-dependent ring-opening phenomenon. The drug 
is highly water-soluble at pH values of less than 4 and 
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becomes much more lipid soluble at physiological pH [1, 
7]. This characteristic contributes to rapid onset of action 
and minimizing pain on injection [1, 7].

Pharmacodynamics of midazolam is similar to those of 
other benzodiazepine drugs, including sedation, anxio-
lytic, anterograde amnesia, muscle relaxant, anticonvul-
sant effect, as well as hypnotic activities [1, 8–11]. Almost 
all these effects can be explained through its action on 
gamma aminobutyric acid (GABA) receptors. GABA 
receptors mediate inhibitory neurotransmission in the 
central nervous system [12, 13]. Two separate receptors 
for GABA and benzodiazepine couple to an ion channel 
selective for chloride [14]. Midazolam binds to the ben-
zodiazepine site on GABA-A receptors, the major GABA 
receptor, which enhances the effects of GABA by increas-
ing the frequency of chloride channel opening leading 
to membrane hyperpolarization and neuronal inhibition 
[10].

Absorption of midazolam is rapid regardless of the 
administration route. After oral doses of midazolam, 
peak plasma concentrations generally occur between 0.5 
and 1  h [15, 16]. In comparison with oral intake, mida-
zolam has more rapid absorption after intramuscular 
injection or intravenous (IV) route, with peak serum con-
centrations as early as a few minutes [17]. For IV admin-
istration, the distribution half-life of midazolam has been 
recorded as 6 to 15 min. The elimination half ife is 1.7 to 
2.4 h. The duration of action is 60 to 120 min [10, 18]. In 
addition, midazolam is extensively bound to plasma pro-
teins with the binding occurring primarily in serum albu-
min. The lipophilic nature of midazolam accounts for the 
relatively rapid membrane penetration and fast onset of 
action [10]. Because of its rapid onset, short duration of 
action, water solubility, and relatively rapid plasma clear-
ance, midazolam has proved to be one of the mainstays 
of sedation or anesthesia in clinical practice. Midazolam 
primarily undergoes metabolism in the liver and gut by 
the cytochrome P-450 CYP3A4 enzyme system and glu-
curonide conjugation [19].

Since midazolam is unique among benzodiazepines 
with rapid onset of action, good effectiveness and few 
adverse effects, it is one of the most commonly used 
sedative medications for a variety of therapeutic and 
diagnostic procedures [10]. Midazolam can be admin-
istered through oral, intravenous, intranasal, and intra-
muscular routes. Because of its water-soluble nature, it 
is well suited for continuous infusion when intravenous 
administration of other medications is not feasible [20]. 
The sedative actions of midazolam occur without loss 
of airway refexes or significant adverse reactions in the 
autonomic, hormonal and circulatory systems, or caus-
ing nausea and vomiting. It is also useful for sedation 
in endoscopic procedures. Generally, the best use of 

midazolam in anesthesiology appears to be as an intra-
venous sedative agent for endoscopy [8–10] and regional 
anesthesia [1, 7].

3  Altered cognitive function 
during midazolam‑induced sedation

Anesthesia aims to enhance patient comfort, improve 
operating conditions (e.g., lack of coughing, muscular 
relaxation), and prevent recall of noxious physical and 
emotional experiences during the medical procedures. 
Midazolam has a great advantage in eliminating adverse 
experiences because of its marked effects on cogni-
tive functions. As mentioned before, midazolam acts on 
GABA-A receptor to reduce the excitability of neurons, 
resulting in impairment of multi-domain cognitive func-
tions [1, 12].

Midazolam, in common with other benzodiazepines, 
has strong anterograde amnesic property [11]. The 
anterograde amnesia limits the recollection of events 
after the drug is given and impairs ability to retain new 
information. The effect of midazolam on memory var-
ies across its different stages and types [21, 22]. Memory 
processes a  limitless amount of information, and infor-
mation is stored in different forms like meaning, sounds 
and images. From storing information to the final recall-
ing information, memory can be categorized into three 
stages: encoding, storage and retrieval [23]. Encoding 
is the first stage of memory. This stage accumulates the 
information from the surrounding and encodes it in 
a form that can be kept in memory. Storage and reten-
tion deal with the nature of memory where the informa-
tion is stored, the time duration of the memory, and the 
amount of information that can be stored. Retrieval, the 
third process, refers to retrieving information out of our 
memory storage and back into conscious awareness [23]. 
Midazolam impairs the encoding of new information 
while having no deleterious effects upon either retention 
or retrieval of information acquired before drug adminis-
tration [21, 22]. In addition, the longer the delay between 
acquisition and retrieval is, the greater the drug effect on 
performance is [21, 22].

For types of memory, one of the most popular concepts 
of memory suggests that there are three basic memory 
types: sensory memory, short-term memory, and long-
term memory. Sensory memory refers to the initial pro-
cess of storing information that is a very brief recall of a 
sensory experience, such as what we just saw or heard. 
Short-term memory, also refers to as primary memory, is 
that brief period of time where you can recall information 
you were just exposed to. Long-term memory, also calls 
secondary memory, encompasses memories that range 
from a few days to decades. In order to learn something 
successfully, information has to move from the sensory 
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or the short-term memory to the long-term memory 
[24]. There are other definitions of memory. For exam-
ple, long-term memory can be divided into two types of 
memory, explicit or conscious memory and implicit or 
unconscious memory [25]. In addition, explicit memory 
is subdivided into episodic and semantic memory [26]. 
There is no evidence that midazolam has effects on sen-
sory memory and several studies suggest that the drug do 
not impair short-term memory [21, 22]. Sarasin et al. [27] 
performed a study and used digit symbol substitution 
tests to compare the effects of midazolam on explicit and 
implicit memory. The results showed that subjects who 
ingested midazolam performed significantly more poorly 
on the explicit memory task. Unlike explicit memory, 

implicit memory of midazolam group resisted impair-
ment. Besides, while midazolam greatly impairs episodic 
memory, it appears not to affect semantic memory [21]. 
The highly sensitive memory tasks to the midazolam 
include serial learning and paired-associate learning [21] 
(Fig. 1).

Along with midazolam-induced anterograde amne-
sia, a previous study also suggested that subjects with 
intravenous midazolam showed a marked enhancement 
in implicit transitive inference (TI) performance [28]. 
Transitive inference is an ability to derive a relation “A is 
greater than C” from the premises “A is greater than B” 
and “B is greater than C”. Pigeons, fish, rats, chimpanzees, 
and humans have all shown capability of this [29–33]. TI 

Fig. 1 The effect of midazolam on visual paired-associate learning. A A schematic of the two parts of the visual paired-associate learning task 
consisting of (a) an encoding task, and (b) a cued recall task. B The effect of midazolam on encoding and retrieval of new information after drug 
administration. Individuals with intravenous midazolam showed a marked decrease in encoding and retrieval trials than subjects with saline. 
The hippocampus and prefrontal cortex were involved in paired-associate learning and midazolam significantly decreased the activation of 
hippocampus and prefrontal cortex in trials requiring encoding and retrieval of new information
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task assesses the ability to generalize learned knowledge 
to new contexts [34]. Successful performance by animals 
and humans in implicit TI may be explained by reinforce-
ment learning processes which depend on the striatal 
dopamine system [28, 34]. So, midazolam biases partici-
pants to recruit striatum during learning and this change 
actually supports the generalization of learned behavior 
to novel situations [28, 34].

4  Cerebral blood flow during midazolam‑induced 
sedation

In the past decades, with the development of the field 
of neuroimaging, significant progress has been made 
in understanding of the brain mechanisms associated 
with midazolam-induced sedation. Arterial spin labeling 
(ASL) methodology is a MRI technique used to assess 
cerebral blood fow (CBF) noninvasively by magnetically 
labeling infowing blood [35]. In contrast to blood oxygen 
level-dependent (BOLD) signal, which is complex and 
depends on simultaneous changes in blood fow, vascular 
volume and oxygen metabolism, ASL perfusion imaging 
uses the arterial blood water protons as an endogenous 
contrast agent to direct measurement of tissue blood 
fow. In addition, ASL includes the lower inter-subject 
and inter-session variation, and is minimally affected by 
baseline drift, making it suitable for long-term studies 
with low-frequency changes [36, 37]. ASL perfusion tech-
nique is, therefore, especially suited to quantify physio-
logical and psychopharmacological effects on the human 
brain. In one of our previous studies, ASL perfusion 
imaging technique was used to investigate the intrinsic 
CBF changes evoked by midazolam-induced light seda-
tion. It was found that CBF in the bilateral medial thala-
mus and precuneus/posterior cingulate cortex (PCC) 
was specifically decreased for midazolam administration 
[38]. In line with this study, at similar depths of sedation, 
one recent study investigated resting-state CBF changes 
during mild sedation with propofol and demonstrated 
propofol-induced suppression of key cortical and sub-
cortical regions including the bilateral paracingulate cor-
tex, premotor cortex, Broca’s areas, right superior frontal 
gyrus and also the thalamus [39].

On the other hand, positron emission tomography 
(PET), which enables three-dimensional metabolic and 
fow studies in the human brain, can also detect changes 
in the regional cerebral blood fow (rCBF) and has been 
used to investigate the regions subserving conscious 
brain activity [40]. A previous study demonstrated that 
midazolam caused dose-related decreased rCBF in brain 
regions including the cingulate gyrus, insula, multiple 
areas in the prefrontal cortex, the thalamus, and pari-
etal and temporal association areas [41]. These findings 
are consistent with several PET studies that have shown 

rCBF reduction in both cortical and subcortical brain 
regions in relation to sedation or anesthesia with vari-
ous anesthetic agents, including isofurane, propofol, 
sevofurane, and thiopental [42–45]. More importantly, 
these early PET studies reveal that anesthetic-induced 
sedation, even to the extent of unconsciousness, is con-
sistently correlated with a reduction in rCBF in the thala-
mus and the posterior cortical areas (precuneus or PCC) 
[46]. Decreased rCBF in the frontal and parietal cortices 
have also been observed during sedation or anesthesia 
but less consistently than in the thalamus and precu-
neus/PCC [47]. Overall, these observations suggest that 
the thalamus and precuneus/PCC are key elements to 
understanding how anesthetics cause a diminished level 
of consciousness in humans (Fig. 2B).

5  Cortical activity during midazolam‑induced 
sedation

There are several different ways that we could apply to 
identify the neural substrate of midazolam-induced seda-
tion. One powerful approach is to examine brain regions 
whose activity changes when subjects who ingested 
midazolam are asked to perform different types of tasks 
(e.g., processing words, memory task, and pressing but-
ton). Task-related fMRI will help us identify and char-
acterize functionally distinct nodes in the brain and 
interpret the neural correlates underlying tasks assessing 
different neural systems which include primary sensory 
processes (e.g., auditory, motor function) and different 
cognitive processes (e.g., episodic memory, language pro-
cessing, and emotion processing) [48].

A number of studies have investigated the effects of 
midazolam-induced sedation on brain activity during 
primary sensory stimulation and high-order cognitive 
processing [49–52]. Most studies have focused on the 
limits of auditory processing, anticipation to pain and 
memory because of its sedative, anxiolytic, and antero-
grade amnesic properties. One fMRI study found that 
mild sedation with midazolam decreased evoked BOLD 
responses to auditory stimulus in the auditory cortex 
[49]. An fMRI study in children suggested that subjects 
sedated with midazolam exhibited activation in the pri-
mary auditory cortex [51]. In another study, parallel 
results have also been found. During midazolam-induced 
mild sedation, activation to auditory stimulus was pre-
served in the superior temporal gyrus, middle temporal 
gyrus, transverse temporal gyrus and temporal fusiform 
gyrus [53]. In the deep sedation group, midazolam seda-
tion inhibited activation of the superior temporal gyrus 
by auditory stimulus [53]. Similarly, recent studies using 
fMRI and sedation with other anesthetic agents have 
reported that basic auditory processing remained intact 
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during light sedation and increased depth of sedation 
abolished reactivity to auditory stimulus [54–56].

However, mild sedation may impair more complex 
cognitive processing [57]. For example, pain is a subjec-
tive experience that involves sensory, affective and cog-
nitive components. Anticipation to pain is an important 
component of the pain experience which is mediated 
by a network of brain regions including the secondary 
somatosensory cortex, the insular regions, the anterior 
cingulate cortex (ACC), and the thalamus [58–60]. The 
somatosensory cortex which responses to pain itself 
was preserved during midazolam-induced mild seda-
tion, whereas the activity associated specifically with 
anticipation to pain in the ACC, the contralateral ante-
rior insular cortex and the ipsilateral posterior insula was 
reduced [61]. These findings were interpreted to indicate 
that basic sensory processing was intact during sedating, 

while high-order processes, such as pain experience, were 
eliminated [61]. In addition, in one study, the results also 
suggested that midazolam-induced mild sedation did not 
abolish implicit memory but abolished both explicit and 
implicit memories with deep sedation. The superior tem-
poral gyrus may be key target areas for memory process-
ing affected by deep midazolam sedation [53]. Overall, 
these studies are consistent with the notion that cortical 
activity is sequentially impaired from higher-order brain 
cortices to primary cortical areas in a dose-dependent 
manner, by midazolam-induced sedation.

6  Functional connectivity 
during midazolam‑induced sedation

To date, inherent and spontaneous neural activity of the 
brain can be well characterized by resting-state func-
tional magnetic resonance imaging (rs-fMRI). It is one 

Fig. 2 The typical neuroimaging findings associated with midazolam-induced sedation. A The experimental paradigm of functional studies with 
midazolam. (a) Volunteers received midazolam in one session and saline in the other. Two sessions were randomly assigned to either midazolam or 
saline. (b) Scan 1 represented a pre-injection imaging section and scan 2 represented a post-injection imaging section. B Early ASL and PET studies 
revealed that midazolam-induced sedation was consistently correlated with a reduction in cerebral blood flow in the thalamus and the posterior 
cortical areas (precuneus or PCC). C Significantly increased amplitude of low-frequency fluctuations (ALFF) was observed in lower-level resting-state 
networks (e.g., SMN) during midazolam-induced sedation. D Modified resting-state functional connectivity within and between networks during 
midazolam-induced sedation. (a) Changes of resting-state functional connectivity within networks during midazolam-induced sedation, adapted 
from Liang et al. [66]; Wiley, USA. Under sedation, decreased cortico-cortical connectivity was found in higher-order brain networks, including 
the frontoparietal network (FPN) and language network (LAN). In contrast, functional connectivity in low-level networks was intact, including 
the sensorimotor network (SMN) and auditory network (AN). (b) Altered resting-state functional connectivity between networks. Midazolam 
significantly decreased the anticorrelation between the dorsal attention network (DAN) and default mode network (DMN)
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of the most important technologies for the non-invasive 
mapping of brain activity pattern and functional inter-
actions between several large-scale networks known as 
resting-state networks (RSNs) [62, 63]. It is also widely 
indicated that low-frequency fuctuations of BOLD fMRI 
signal in the resting state, an indirect measure of regional 
brain activity, is correlated with spontaneous neuronal 
activity [64, 65]. Based on accumulating experimental 
evidence, midazolam-induced sedation affects within 
and between network connectivity of the RSNs [66–69]. 
Some of RSNs are thought of as lower-level networks 
including the sensorimotor network (SMN), auditory 
network (AN), and visual network (VN), which relate 
to sensory processing. For example, the intrinsic signals 
measured from primary motor cortex, primary sensory 
cortex, and supplementary motor areas maintain tempo-
rally correlated BOLD activity. These regions comprise 
the SMN, which is involved in processing somatosensory 
information and planning motor tasks (movement) [70]. 
Under midazolam-induced sedation, functional connec-
tivity within lower-level networks is preserved, which is 
consistent with the task fMRI studies reviewed above that 
have suggested intact activation in primary cortical areas 
[67]. In recent studies, midazolam-induced light sedation 
effects on lower-level networks were even elevated [66] 
(Fig. 2C). The authors interpreted their results as indicat-
ing that neural systems autonomously compensate for 
the drug effect as a direct reaction to the drug injection, 
which helped to maintain the information processing 
abilities [66].

By contrast, functional connectivity within high-
order networks is significantly disrupted by midazolam-
induced light sedation [66]. In general, the high-order 
networks, including the executive control network 
(ECN), salience network (SN), frontoparietal network 
(FPN), dorsal attention network (DAN), language net-
work (LAN), and default mode network (DMN), are 
responsible for various complex cognitive processing [71, 
72]. For example, the ECN is involved in impulse inhi-
bition, ability to respond to an external event, and skills 
(such as organizing tasks, solving problems) required for 
goal-directed behavior [73]; the SN is involved in detect-
ing and filtering salient stimuli, confict monitoring, 
integrating emotional and sensory stimuli, while simul-
taneously switching between activating and deactivating 
the DMN and central executive networks [74]; the FPN 
assumes a variety of functions, including motor planning 
and imagery, mental rotation, spatial attention, and coor-
dinating behavior in a rapid, accurate, and fexible goal-
driven manner [75]; the DAN is involved in selection 
of the appropriate response or action necessary for the 
attention orientation [76]; and the DMN, the most widely 
studied network, is involved in autobiographic episodic 

memories, mind wandering, the awareness of self, self-
generated and internally directed thought, and self-
referential processing [77]. Among them, there is now 
indisputable evidence that functional connectivity within 
the ECN, FPN, and LAN is significant decreased during 
midazolam-induced light sedation [66, 78] (Fig. 2D). For 
the SN, in our previous work, we only identified a slight 
reduction in functional connectivity strength by using 
a lower uncorrected threshold [66]. In line with this, in 
one recent study, midazolam also showed no significant 
changes in the functional connectivity strength for the 
SN [78]. As for the DAN and DMN, results of the drug 
effect are still inconsistent. In our previous work, no sig-
nificant functional connectivity changes within the DMN 
and DAN were observed during midazolam-induced 
light sedation [66]. In contrast, another study showed 
that midazolam administration led to a significant reduc-
tion in the connectivity strength in the DMN and DAN 
[78]. Many factors may contribute to these inconsistent 
results. For example, anesthesia alters functional con-
nectivity in a dose-dependent manner and increasing 
depth of sedation may abolish functional connectivity 
within a wide range of RSNs [6, 79]. In addition, the indi-
rect nature of BOLD signal restricts the discrimination 
of neural from physiological contributions. One recent 
study assessed the validity of fMRI functional connectiv-
ity using simultaneous electroencephalography (EEG)/
fMRI in a placebo-controlled design with midazolam. 
The results suggested that different preprocessing strate-
gies demonstrated the effects on the results of functional 
connectivity of RSNs [68] (Table 1).

Recent studies of resting state have revealed that the 
human brain is intrinsically organized in two brain net-
works showing a reciprocal pattern of spontaneous activ-
ity: an “intrinsic” and an “extrinsic” network [65, 80, 81]. 
The “intrinsic” network corresponds to the DMN and 
the “extrinsic” network coincides with the DAN. It is well 
established that these two systems oppose each other 
and the anticorrelation between the DAN and DMN 
seems to serve as an essential neural substrate for fex-
ibly allocating attentional resources, which is important 
for normal cognitive function [82, 83]. The previous lit-
erature suggests that consciousness is typically taken to 
have two aspects: level and content [84–86]. The content 
of consciousness refers to awareness or subjective expe-
rience [84, 85]. Furthermore, awareness can be divided 
into two components: awareness of the environment 
(external) and awareness of self (internal) [87]. External 
awareness can be defined as the conscious perception 
of one’s environment through the sensory modalities 
whereas internal awareness is a mental process that does 
not require the mediation of external stimuli or sensory 
input [87]. According to recent literature, activity in the 
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DMN corresponds to internal awareness (i.e., self-related 
thoughts) and external awareness (i.e., perception of the 
environment through the senses) correlates to the activity 
in the DAN [87]. These findings suggest that the anticor-
relation between the DAN and the DMN is essential to 
consciousness. Our recent unpublished work has proved 
midazolam decreased functional connectivity between 
the DAN and DMN (Fig. 2D). Consistent with this find-
ing, studies in other anesthesia-induced sedation, sleep 
and in patients with disorders of consciousness have 
shown that anticorrelation between the DAN and DMN 
generally reduces or even disappears [88–91].

In addition to the altered static functional connectiv-
ity within and between the RSNs, recent studies of anes-
thetic-induced sedation or unconsciousness have focused 
on functional brain dynamics and connectivity patterns 
[92–95]. One recent study combined graph theory and 
dynamic functional connectivity to compare resting-
state functional MRI data from propofol-anesthetised 
volunteers and patients with disorders of consciousness, 
in order to identify consciousness-specific patterns of 
brain function [94]. The authors demonstrated that loss 
of consciousness (whether due to propofol anesthesia or 
traumatic brain injury) is accompanied by reduced func-
tional diversity and integrative capacity in the posterior 
regions of the brain’ s DMN, especially during temporal 
states of high integration [94]. Consistent with results 
of static functional connectivity between the DAN and 
DMN above, another recent study also compared resting-
state functional MRI data from anesthetized volunteers 
(propofol anesthesia or ketamine anesthesia). The find-
ings demonstrated that the transitions between DMN 
and DAN were embedded in a “temporal circuit” charac-
terized by a set of trajectories along which dynamic brain 

activity occurred. Isolation of the DMN and DAN from 
the temporal circuit was associated with unconscious-
ness [93].

7  Similar and contrasting neuroimaging results 
from studies with diverse anesthetic agents

In comparison with midazolam-induced sedation, there 
are other anesthetic agents that have the similar mecha-
nism of action and sites of action for sedation or anes-
thesia. Like midazolam, propofol is also an intravenous 
sedative agent with a rapid onset and a short duration 
of action. It is widely used for initiation and mainte-
nance of anesthesia, combined sedation and regional 
anesthesia, induction and maintenance of general anes-
thesia [5]. Propofol produces its hypnotic effects by a 
positive modulation of the inhibitory function of the 
neurotransmitter GABA through  GABAA receptors like 
midazolam [96, 97]. Due to similar pathways of anes-
thetic action, there are numerous similarities between 
these two drugs of neuroimaging research. First, accord-
ing to studies focused on propofol-induced changes in 
rCBF, the drug sharply reduces rCBF in both cortical and 
subcortical brain regions [40, 45, 98, 99]. In addition to 
this, an important contribution of the early PET studies 
is to reveal that propofol-induced anesthesia is consist-
ently associated with a reduction in the medial thalamus, 
precuneus and the PCC [46]. These findings are highly 
coincident with the effects of midazolam on the rCBF. 
These results provide strong evidence that reductions in 
rCBF in the thalamus and precuneus/PCC is function-
ally related to decreased level of consciousness indepen-
dently of nonspecific effects of anesthetic agents. Then, 
several recent fMRI studies have suggested that propofol 
decreased cortico-cortical connectivity in higher-order 

Table 1 Neuroimaging studies during midazolam‑induced sedation

ASL arterial spin labeling, CBF cerebral blood flow, PCC posterior cingulate cortex, PET positron emission tomography, rCBF regional cerebral blood flow, fMRI 
functional magnetic resonance imaging, ACC  anterior cingulate cortex, SMN sensorimotor network, VN visual network, FPN frontoparietal network, DMN default mode 
network

First author and year Modality Sample size Main findings

Liang et al. 2018 [38] ASL n = 12 (20–30 years old) Decreased CBF in the bilateral medial thalamus and precuneus/PCC

Veselis et al. 1997 [41] PET n = 14 (28.1 ± 5.8 year) Decreased rCBF in the cingulate gyrus, insula, multiple areas in the prefrontal 
cortex, the thalamus, and parietal and temporal association areas

Frölich et al. 2017 [49] fMRI n = 11 (19–40 years old) Reduction of brain activation in the auditory cortex

Gemma et al. 2009 [51] fMRI n = 5 (4,5–6 years old) Subjects exhibiting activation in the primary auditory cortex

Tian et al. 2010 [53] fMRI n = 12 (22–38 years old) Preserved activation in the auditory cortex by auditory stimulus

Wise et al. 2007 [61] fMRI n = 8 (25 ± 5 year) Reduced activity in the ACC, the insular cortex

Liang et al. 2015 [66] fMRI n = 14 (24 ± 3.2 year) Impaired higher-order cognitive functions prior to lower-level sensory responses

Greicius et al. 2008 [67] fMRI n = 9 (22–27 years old) Reduced functional connectivity in the posterior cingulate cortex

Forsyth et al. 2020 [68] fMRI n = 30 (27.3 ± 6.2 year) Increased connectivity in sensory networks (SMN, VN), and decreased connectiv-
ity in some of the higher cognitive networks (rFPN, pDMN)

Adhikari et al. 2020 [78] fMRI n = 30 (27.3 ± 6.2 year) Reduced connectivity in the DMN
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brain networks (e.g., the executive control network) [88, 
100–102]. In contrast, functional connectivity in low-
level sensory cortices (e.g., sensorimotor network, visual 
and auditory networks) is preserved, consistent with the 
studies with midazolam reviewed above [88]. In addition, 
decreased anticorrelation between the DAN and DMN 
has been reported during propofol-induced alterations of 
consciousness [88]. Thus, the abovementioned findings 
are most likely the common neural correlates of anes-
thetic-induced alteration of consciousness.

Despite common neural changes related to anesthesia, 
there are some specific effects on brain function for other 
anesthetic drugs. Numerous studies have suggested that 
anesthetic-induced sedation disturbs cerebral connectiv-
ity. However, the drug effects on higher-order brain net-
works still vary among diverse anesthetic agents [6]. For 
example, in our previous work, no significant functional 
connectivity changes within the DMN were observed 
during midazolam-induced light sedation [66]. In con-
trast, significant reductions in resting-state functional 
connectivity for DMN were reported during propofol or 
ketamine-induced mild sedation [78, 88, 89]. Midazolam 
or propofol-induced decrease in consciousness correlates 
with decreased functional connectivity within the FPN, 
whereas ketamine administration leads to no significant 
reduction in the connectivity strength in the FPN [66, 
88, 89]. For the salience network, midazolam-induced 
sedation barely affects it, whereas the strongest effect of 
ketamine administration is observed in the salience net-
work [66, 78]. On the other hand, the previous studies are 
consistent with the notion that auditory network is mini-
mally affected during midazolam or propofol-induced 
sedation [66, 88]. However, ketamine administration 
significantly decreases functional connectivity with audi-
tory network [78, 103]. Compared with studies using 
midazolam, thalamocortical system, which is a bilateral 
structure and has two thalamic nuclei, the specific and 
nonspecific divisions, are involved in propofol-induced 
anesthesia [104–106]. The specific thalamocortical net-
work, which contains dominantly medial and bilateral 
frontal and temporal areas, is moderately affected, while 
the nonspecific thalamocortical network, which contains 
medial frontal and medial parietal areas, is severely sup-
pressed during propofol-induced sedation [104]. These 
findings have not yet been observed in studies related to 
midazolam.

8  Areas for future research
For decades, anesthetic agents are used to manipulate 
the global level of consciousness to explore the neural 
correlates of consciousness in healthy individuals. Com-
bined with various neuroimaging techniques, the stud-
ies are consistent with the notion that the cortex and 

subcortical structures are suppressed sequentially in a 
dose-dependent manner [6]. Broadly speaking, depend-
ing on the anesthetic agent and dose, it may produce dif-
ferent levels and contents of consciousness described as 
a scale ranging from vivid wakefulness, to light sedation, 
to deep sedation, final to total unconsciousness [84, 107]. 
The level of consciousness sometimes represents the 
degree of arousal which can be assessed by purposeful 
response to verbal command. The content of conscious-
ness is sometimes used synonymously with awareness 
which can be determined by cognitive testing [85]. Based 
on recent literature, the consciousness can be divided 
into three different states including a state of connected 
consciousness (awareness of the environment), a state of 
disconnected consciousness (only awareness of self ) and 
unconsciousness (a complete absence of subjective expe-
rience) along with increased anesthetic concentration 
[85, 108]. Currently, most studies with midazolam still 
focus on a certain state of consciousness. Coupled with 
multimodal neuroimaging which combines data obtained 
from multiple neuroimaging techniques, future work in a 
larger sample size including participants who have sub-
mitted to stepwise increments in anesthetic agent con-
centration, up to unconsciousness is expected to enable 
a comprehensive and accurate understanding of neural 
substrates of consciousness.

There is growing evidence that functional brain dynam-
ics captures important information about cognition and 
the emergence of momentary neural coalitions forms 
the basis for complex cognitive functions, such as con-
sciousness [109, 110]. Like many other complex systems, 
the brain exhibits a wide range of dynamic activity and 
connectivity patterns that are thought to be fundamen-
tal for processing information in the course of cognition 
[111–113]. However, to date, most of the fMRI research 
has focused on changes in static functional connectiv-
ity patterns during midazolam-induced light sedation 
[66, 69]. A systematic analysis of changes in temporal 
and spatial properties of dynamic connectivity networks 
during midazolam-induced alteration of consciousness 
is an area for future work. Moreover, functional con-
nectivity describes the statistical dependencies between 
two or more variables and does not provide informa-
tion about the directed casual interactions among brain 
regions [114–116]. Furthermore, functional connectivity 
analyses make minimal assumptions about the physi-
cal mechanisms and may not refect correlations among 
neuronal activity. These limitations call for an approach 
in terms of effective connectivity [114]. Effective con-
nectivity refers causal infuence that one neural system 
exerts over another, either at a synaptic or a population 
level [114]. The related follow-up studies are expected 
to identify dynamic effective connectivity changes 
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during midazolam-induced alteration of consciousness 
for better understanding the detailed circuitry underlying 
consciousness.

In addition, previous studies suggested that anesthetic 
agent can indirectly affect BOLD signaling by altering 
physiological parameters, such as arterial concentration 
of carbon dioxide. Since individuals are not intubated 
but spontaneously ventilate during midazolam-induced 
sedation, respiratory depression associated with intrave-
nous midazolam may have resulted in hypercapnia and 
increased arterial  CO2 levels [117]. During this condition, 
certain regions of gray matter appeared to have greater 
cerebrovascular responses to changes in the partial pres-
sure of carbon dioxide  (PaCO2) and partial pressure 
of oxygen  (PaO2) than did others [118]. We expect that 
future work should measure and control both  PaCO2 and 
 PaO2 during MRI procedures that involve BOLD signal-
ing and take into account when interpreting findings.

9  Conclusion
In this review, we have summarized neuroimaging mech-
anisms of midazolam-induced sedation or anesthesia, 
which is important for understanding how midazolam-
induced sedation impacts on various domains of cogni-
tion and the patterns of preserved brain activity during 
sedation. In particular, midazolam-induced alteration of 
consciousness is specifically associated with a significant 
decreased CBF in the bilateral medial thalamus and pre-
cuneus/PCC. Studies of individuals who are sedated with 
midazolam suggest that cortical activity is sequentially 
impaired from higher-order brain cortices to primary 
cortical areas in a dose-dependent manner. Under mida-
zolam-induced sedation, functional connectivity within 
lower-level networks is preserved. By contrast, functional 
connectivity within and between higher-order networks, 
particularly the anticorrelation between the DAN and the 
DMN, is seemingly of neuronal origin of consciousness. 
Nevertheless, although much published work has sug-
gested the effective role of preserved brain activity in the 
emergence of the conscious awareness, more evidence 
should still be required to further explore brain mecha-
nisms of midazolam-induced alteration of consciousness.

Abbreviations
ACC : Anterior cingulate cortex; AN: Auditory network; ASL: Arterial spin labe-
ling; BOLD: Blood oxygen level-dependent; CBF: Cerebral blood flow; DAN: 
Dorsal attention network; DMN: Default mode network; ECN: Executive control 
network; EEG: Electroencephalography; fMRI: Functional magnetic resonance 
imaging; FPN: Frontoparietal network; GABA: Gamma aminobutyric acid; 
IV: Intravenous; LAN: Language network; PaCO2: Partial pressure of carbon 
dioxide; PaO2: Partial pressure of oxygen; PCC: Posterior cingulate cortex; PET: 
Positron emission tomography; rCBF: Regional cerebral blood flow; rs-fMRI: 
Resting-state functional magnetic resonance imaging; RSNs: Resting-state 
networks; SMN: Sensorimotor network; SN: Salience network; TI: Transitive 
inference; VN: Visual network.

Acknowledgements
Not applicable.

Authors’ contributions
PPL, PS and JKW prepared the manuscript. PPL, PS and JKW designed and 
developed the research framework and conducted the literature review. All 
authors read and approved the final manuscript.

Funding
This work was supported by Beijing Nova Program (grant number 
2016000021223TD07), Capacity Building for Sci-Tech Innovation—Fundamen-
tal Scientific Research Funds (grant number 19530050157, 19530050184),Bei-
jing Municipal Science and Technology Project of Brain cognition and brain 
medicine (grant number Z171100000117001), Natural Science Foundation 
of China (grant number 81671065), the Beijing Brain Initiative of Beijing 
Municipal Science & Technology Commission, and Academy for Multidisci-
plinary Studies, Capital Normal University. The funders had no role in study 
design, data collection and analysis, decision to publish, or preparation of the 
manuscript.

Availability of data and materials
This review used available literature relevant to the problem statement from 
valid databases across the internet.

Competing interests
The authors declare that they have no competing interests.

Author details
1 School of Psychology, Capital Normal University, Haidian District, Bei-
jing 100048, China. 2 Beijing Key Laboratory of Learning and Cognition, Beijing, 
China. 3 Department of Psychology, Tsinghua University, Haidian District, 
Beijing 100084, China. 

Received: 30 September 2020   Accepted: 26 October 2020

References
 1. Dundee JW, Halliday NJ, Harper KW, Brogden RN (1984) Midazolam: a 

review of its pharmacological properties and therapeutic use. Drugs 
28(6):519–543

 2. Conway A, Rolley J, Sutherland JR (2016) Midazolam for sedation before 
procedures. Cochrane Database Syst Rev 20(5):CD009491

 3. Veselis RA, Reinsel RA, Feshchenko VA (2001) Drug-induced amnesia is 
a separate phenomenon from sedation: electrophysiologic evidence. 
Anesthesiology 95(4):896–907

 4. Purdon PL, Pierce ET, Bonmassar G, Walsh J, Harrell PG, Kwo J et al 
(2009) Simultaneous electroencephalography and functional magnetic 
resonance imaging of general anesthesia. Ann N Y Acad Sci 1157:61–70

 5. Song XX, Yu BW (2015) Anesthetic effects of propofol in the healthy 
human brain: functional imaging evidence. J Anesth 29(2):279–288

 6. MacDonald AA, Naci L, MacDonald PA, Owen AM (2015) Anesthesia and 
neuroimaging: investigating the neural correlates of unconsciousness. 
Trends Cogn Sci 19(2):100–107

 7. Kanto JH (1985) Midazolam: the first water-soluble benzodiazepine. 
Pharmacology, pharmacokinetics and efficacy in insomnia and anes-
thesia. Pharmacotherapy 5(3):138–155

 8. Hennessy MJ, Kirkby KC, Montgomery IM (1991) Comparison of the 
amnesic effects of midazolam and diazepam. Psychopharmacology 
103(4):545–550

 9. Sivaramakrishnan G, Sridharan K (2017) Nitrous oxide and mida-
zolam sedation: a systematic review and meta-analysis. Anesth Prog 
64(2):59–65

 10. Olkkola KT, Ahonen J (2008) Midazolam and other benzodiazepines. 
Handb Exp Pharmacol 182:335–360

 11. Malamed SF, Nikchevich D Jr, Block J (1988) Anterograde amnesia as 
a possible postoperative complication of midazolam as an agent for 
intravenous conscious sedation. Anesth Prog 35(4):160–162

 12. Richter JJ (1981) Current theories about the mechanisms of benzodiaz-
epines and neuroleptic drugs. Anesthesiology 54(1):66–72



Page 10 of 12Wang et al. Brain Inf.            (2020) 7:15 

 13. Geller HM, Hoffer BJ, Taylor DA (1980) Electrophysiological actions of 
benzodiazepines. Fed Proc 39(12):3016–3023

 14. Baumann SW, Baur R, Sigel E (2002) Forced subunit assembly in alpha-
1beta2gamma2 GABAA receptors. Insight into the absolute arrange-
ment. J Biol Chem 277(48):46020–46025

 15. Allonen H, Ziegler G, Klotz U (1981) Midazolam kinetics. Clin Pharmacol 
Ther 30(5):653–661

 16. Jones RD, Chan K, Roulson CJ, Brown AG, Smith ID, Mya GH (1993) Phar-
macokinetics of flumazenil and midazolam. Br J Anaesth 70(3):286–292

 17. Prommer E (2020) Midazolam: an essential palliative care drug. Palliat 
Care Soc Pract 14:2632352419895527

 18. Reves JG, Fragen RJ, Vinik HR, Greenblatt DJ (1985) Midazolam: pharma-
cology and uses. Anesthesiology 62(3):310–324

 19. Wandel C, Böcker R, Böhrer H, Browne A, Rügheimer E, Martin E (1994) 
Midazolam is metabolized by at least three different cytochrome P450 
enzymes. Br J Anaesth 73(5):658–661

 20. Gerecke M (1983) Chemical structure and properties of midazolam 
compared with other benzodiazepines. Br J Clin Pharmacol 16(Suppl 
1):11s-s16

 21. Ghoneim MM, Mewaldt SP (1990) Benzodiazepines and human 
memory: a review. Anesthesiology 72(5):926–938

 22. Curran HV (1991) Benzodiazepines, memory and mood: a review. 
Psychopharmacology 105(1):1–8

 23. Craik FIM, Lockhart RS (1972) Levels of processing—framework for 
memory research. J Verbal Learn Verbal Behav 11(6):671–684

 24. Atkinson RC, Shiffrin RM (1971) The control of short-term memory. Sci 
Am 225(2):82–90

 25. Graf P, Schacter DL (1985) Implicit and explicit memory for new associa-
tions in normal and amnesic subjects. J Exp Psychol Learn Mem Cogn 
11(3):501–518

 26. Nadel L, Samsonovich A, Ryan L, Moscovitch M (2000) Multiple trace 
theory of human memory: computational, neuroimaging, and neu-
ropsychological results. Hippocampus 10(4):352–368

 27. Sarasin DS, Ghoneim MM, Block RI (1996) Effects of sedation with 
midazolam or propofol on cognition and psychomotor functions. J Oral 
Maxillofac Surg 54(10):1187–1193

 28. Frank MJ, O’Reilly RC, Curran T (2006) When memory fails, intuition 
reigns: midazolam enhances implicit inference in humans. Psychol Sci 
17(8):700–707

 29. Vasconcelos M (2008) Transitive inference in non-human animals: an 
empirical and theoretical analysis. Behav Proc 78(3):313–334

 30. Wynne CD (1997) Pigeon transitive inference: tests of simple accounts 
of a complex performance. Behav Proc 39(1):95–112

 31. Grosenick L, Clement TS, Fernald RD (2007) Fish can infer social rank by 
observation alone. Nature 445(7126):429–432

 32. Delius JD, Siemann M (1998) Transitive responding in animals 
and humans: exaptation rather than adaptation? Behav Proc 
42(2–3):107–137

 33. McGonigle BO, Chalmers M (1977) Are monkeys logical? Nature 
267(5613):694–696

 34. Frank MJ, O’Reilly RC, Curran T (2008) Midazolam, hippocampal func-
tion, and transitive inference: reply to Greene. Behav Brain Funct 4:5

 35. Liu TT, Brown GG (2007) Measurement of cerebral perfusion with arte-
rial spin labeling: Part 1. Methods. J Int Neuropsychol Soc 13(3):517–525

 36. Wang J, Aguirre GK, Kimberg DY, Roc AC, Li L, Detre JA (2009) Arterial 
spin labeling perfusion fMRI with very low task frequency. Magn Reson 
Med 49(5):796–802

 37. Wang J, Li L, Roc AC, Alsop DC, Tang K, Butler NS et al (2004) Reduced 
susceptibility effects in perfusion fMRI with single-shot spin-echo EPI 
acquisitions at 1.5 Tesla. Magn Reson Imaging 22(1):1–7

 38. Liang P, Xu Y, Lan F, Ma D, Li K (2018) Decreased cerebral blood flow in 
mesial thalamus and precuneus/PCC during midazolam induced seda-
tion assessed with ASL. Neuroinformatics 16(3–4):403–410

 39. Saxena N, Gili T, Diukova A, Huckle D, Hall JE, Wise RG (2019) Mild 
propofol sedation reduces frontal lobe and thalamic cerebral blood 
flow: an arterial spin labeling study. Front Physiol 10:1541

 40. Fiset P, Paus T, Daloze T, Plourde G, Meuret P, Bonhomme V et al 
(1999) Brain mechanisms of propofol-induced loss of conscious-
ness in humans: a positron emission tomographic study. J Neurosci 
19(13):5506–5513

 41. Veselis RA, Reinsel RA, Beattie BJ, Mawlawi OR, Feshchenko VA, 
DiResta GR et al (1997) Midazolam changes cerebral blood flow in 
discrete brain regions: an H2(15)O positron emission tomography 
study. Anesthesiology 87(5):1106–1117

 42. Alkire MT, Haier RJ, Shah NK, Anderson CT (1997) Positron emission 
tomography study of regional cerebral metabolism in humans dur-
ing isoflurane anesthesia. Anesthesiology 86(3):549–557

 43. Schlünzen L, Vafaee MS, Cold GE, Rasmussen M, Nielsen JF, Gjedde A 
(2004) Effects of subanaesthetic and anaesthetic doses of sevo-
flurane on regional cerebral blood flow in healthy volunteers. A 
positron emission tomographic study. Acta Anaesthesiol Scand 
48(10):1268–1276

 44. Alkire MT, Haier RJ, Barker SJ, Shah NK, Wu JC, Kao YJ (1995) Cerebral 
metabolism during propofol anesthesia in humans studied with 
positron emission tomography. Anesthesiology 82(2):393–403 (Dis-
cussion 27A)

 45. Kaisti KK, Metsähonkala L, Teräs M, Oikonen V, Aalto S, Jääskeläinen 
S et al (2002) Effects of surgical levels of propofol and sevoflurane 
anesthesia on cerebral blood flow in healthy subjects studied with 
positron emission tomography. Anesthesiology 96(6):1358–1370

 46. Xie G, Deschamps A, Backman SB, Fiset P, Chartrand D, Dagher A et al 
(2011) Critical involvement of the thalamus and precuneus during 
restoration of consciousness with physostigmine in humans during 
propofol anaesthesia: a positron emission tomography study. Br J 
Anaesth 106(4):548–557

 47. Heinke W, Schwarzbauer C (2002) In vivo imaging of anaesthetic 
action in humans: approaches with positron emission tomogra-
phy (PET) and functional magnetic resonance imaging (fMRI). Br J 
Anaesth 89(1):112–122

 48. Alkire MT (2008) Probing the mind: anesthesia and neuroimaging. 
Clin Pharmacol Ther 84(1):149–152

 49. Frölich MA, Banks C, Ness TJ (2017) The effect of sedation on cortical 
activation: a randomized study comparing the effects of sedation 
with midazolam, propofol, and dexmedetomidine on auditory pro-
cessing. Anesth Analg 124(5):1603–1610

 50. Snyder HR, Hutchison N, Nyhus E, Curran T, Banich MT, O’Reilly RC 
et al (2010) Neural inhibition enables selection during language 
processing. Proc Natl Acad Sci USA 107(38):16483–16488

 51. Gemma M, de Vitis A, Baldoli C, Calvi MR, Blasi V, Scola E et al (2009) 
Functional magnetic resonance imaging (fMRI) in children sedated 
with propofol or midazolam. J Neurosurg Anesthesiol 21(3):253–258

 52. Coull JT, Jones ME, Egan TD, Frith CD, Maze M (2004) Attentional 
effects of noradrenaline vary with arousal level: selective activation of 
thalamic pulvinar in humans. NeuroImage 22(1):315–322

 53. Tian SY, Zou L, Quan X, Zhang Y, Xue FS, Ye TH (2010) Effect of mida-
zolam on memory: a study of process dissociation procedure and 
functional magnetic resonance imaging. Anaesthesia 65(6):586–594

 54. Kerssens C, Hamann S, Peltier S, Hu XP, Byas-Smith MG, Sebel PS 
(2005) Attenuated brain response to auditory word stimulation with 
sevoflurane: a functional magnetic resonance imaging study in 
humans. Anesthesiology 103(1):11–19

 55. Dueck MH, Petzke F, Gerbershagen HJ, Paul M, Hesselmann V, Girnus 
R et al (2005) Propofol attenuates responses of the auditory cortex 
to acoustic stimulation in a dose-dependent manner: a FMRI study. 
Acta Anaesthesiol Scand 49(6):784–791

 56. Heinke W, Koelsch S (2005) The effects of anesthetics on brain activity 
and cognitive function. Curr Opin Anaesthesiol 18(6):625–631

 57. Davis MH, Coleman MR, Absalom AR, Rodd JM, Johnsrude IS, 
Matta BF et al (2007) Dissociating speech perception and compre-
hension at reduced levels of awareness. Proc Natl Acad Sci USA 
104(41):16032–16037

 58. Rainville P (2002) Brain mechanisms of pain affect and pain modula-
tion. Curr Opin Neurobiol 12(2):195–204

 59. Porro CA (2003) Functional imaging and pain: behavior, perception, 
and modulation. Neurosci 9(5):354–369

 60. Peyron R, Laurent B, García-Larrea L (2000) Functional imaging of 
brain responses to pain. A review and meta-analysis (2000). Clin 
Neurophysiol 30(5):263–288

 61. Wise RG, Lujan BJ, Schweinhardt P, Peskett GD, Rogers R, Tracey I 
(2007) The anxiolytic effects of midazolam during anticipation to pain 
revealed using fMRI. Magn Reson Imaging 25(6):801–810



Page 11 of 12Wang et al. Brain Inf.            (2020) 7:15  

 62. Damoiseaux JS, Rombouts SA, Barkhof F, Scheltens P, Stam CJ, Smith SM 
et al (2006) Consistent resting-state networks across healthy subjects. 
Proc Natl Acad Sci USA 103(37):13848–13853

 63. Smith SM, Fox PT, Miller KL, Glahn DC, Fox PM, Mackay CE et al (2009) 
Correspondence of the brain’s functional architecture during activation 
and rest. Proc Natl Acad Sci USA 106(31):13040–13045

 64. Logothetis NK, Pauls J, Augath M, Trinath T, Oeltermann A (2001) 
Neurophysiological investigation of the basis of the fMRI signal. Nature 
412(6843):150–157

 65. Fox MD, Raichle ME (2007) Spontaneous fluctuations in brain activity 
observed with functional magnetic resonance imaging. Nat Rev Neuro-
sci 8(9):700–711

 66. Liang P, Zhang H, Xu Y, Jia W, Zang Y, Li K (2015) Disruption of cortical 
integration during midazolam-induced light sedation. Hum Brain Mapp 
36(11):4247–4261

 67. Greicius MD, Kiviniemi V, Tervonen O, Vainionpaa V, Alahuhta S, Reiss AL 
et al (2008) Persistent default-mode network connectivity during light 
sedation. Hum Brain Mapp 29(7):839–847

 68. Forsyth A, McMillan R, Campbell D, Malpas G, Maxwell E, Sleigh J et al 
(2020) Modulation of simultaneously collected hemodynamic and elec-
trophysiological functional connectivity by ketamine and midazolam. 
Hum Brain Mapp 41(6):1472–1494

 69. Kurata J (2011) Anesthetic mechanisms revealed by functional brain 
imaging. Masui Jpn J Anesthesiol 60(5):566–573

 70. Doucet G, Naveau M, Petit L, Delcroix N, Zago L, Crivello F et al (2011) 
Brain activity at rest: a multiscale hierarchical functional organization. J 
Neurophysiol 105(6):2753–2763

 71. Gordon EM, Stollstorff M, Vaidya CJ (2012) Using spatial multiple regres-
sion to identify intrinsic connectivity networks involved in working 
memory performance. Hum Brain Mapp 33(7):1536–1552

 72. Menon V (2011) Large-scale brain networks and psychopathology: a 
unifying triple network model. Trends Cogn Sci 15(10):483–506

 73. Francx W, Oldehinkel M, Oosterlaan J, Heslenfeld D, Hartman CA, 
Hoekstra PJ et al (2015) The executive control network and sympto-
matic improvement in attention-deficit/hyperactivity disorder. Cortex 
73:62–72

 74. Seeley WW (2019) The salience network: a neural system for perceiving 
and responding to homeostatic demands. J Neurosci 39(50):9878–9882

 75. Marek S, Dosenbach NUF (2018) The frontoparietal network: function, 
electrophysiology, and importance of individual precision mapping. 
Dialogues Clin Neurosci 20(2):133–140

 76. Ptak R, Schnider A (2010) The dorsal attention network mediates orient-
ing toward behaviorally relevant stimuli in spatial neglect. J Neurosci 
30(38):12557–12565

 77. Raichle ME (2015) The brain’s default mode network. Annu Rev Neuro-
sci 38:433–447

 78. Adhikari BM, Dukart J (2020) Effects of ketamine and midazolam on 
resting state connectivity and comparison with ENIGMA connectivity 
deficit patterns in schizophrenia. Hum Brain Mapp 41(3):767–778

 79. Alkire MT, Hudetz AG, Tononi G (2008) Consciousness and anesthesia. 
Science 322(5903):876–880

 80. Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, Raichle ME 
(2005) The human brain is intrinsically organized into dynamic, anticor-
related functional networks. Proc Natl Acad Sci USA 102(27):9673–9678

 81. Spreng RN, Stevens WD, Chamberlain JP, Gilmore AW, Schacter DL 
(2010) Default network activity, coupled with the frontoparietal control 
network, supports goal-directed cognition. NeuroImage 53(1):303–317

 82. Raichle ME (2010) Two views of brain function. Trends Cogn Sci 
14(4):180–190

 83. Whitfield-Gabrieli S, Ford JM (2012) Default mode network activity and 
connectivity in psychopathology. Annu Rev Clin Psychol 8:49–76

 84. Bayne T, Hohwy J, Owen AM (2016) Are there levels of consciousness? 
Trends Cogn Sci 20(6):405–413

 85. Mashour GA, Hudetz AG (2017) Bottom-up and top-down mechanisms 
of general anesthetics modulate different dimensions of consciousness. 
Front Neural Circuits 11:44

 86. Koch C, Massimini M, Boly M, Tononi G (2016) Neural correlates of 
consciousness: progress and problems. Nat Rev Neurosci 17(5):307–321

 87. Vanhaudenhuyse A, Demertzi A, Schabus M, Noirhomme Q, Bredart 
S, Boly M et al (2011) Two distinct neuronal networks mediate the 
awareness of environment and of self. J Cogn Neurosci 23(3):570–578

 88. Boveroux P, Vanhaudenhuyse A, Bruno MA, Noirhomme Q, Lauwick 
S, Luxen A et al (2010) Breakdown of within- and between-network 
resting state functional magnetic resonance imaging connectiv-
ity during propofol-induced loss of consciousness. Anesthesiology 
113(5):1038–1053

 89. Bonhomme V, Vanhaudenhuyse A, Demertzi A, Bruno MA, Jaquet O, 
Bahri MA et al (2016) Resting-state network-specific breakdown of 
functional connectivity during ketamine alteration of consciousness 
in volunteers. Anesthesiology 125(5):873–888

 90. Di Perri C, Bahri MA, Amico E, Thibaut A, Heine L, Antonopoulos G 
et al (2016) Neural correlates of consciousness in patients who have 
emerged from a minimally conscious state: a cross-sectional multi-
modal imaging study. Lancet Neurol 15(8):830–842

 91. Demertzi A, Gomez F, Crone JS, Vanhaudenhuyse A, Tshibanda 
L, Noirhomme Q et al (2014) Multiple fMRI system-level baseline 
connectivity is disrupted in patients with consciousness alterations. 
Cortex 52:35–46

 92. Li D, Vlisides PE, Kelz MB, Avidan MS, Mashour GA (2019) Dynamic 
cortical connectivity during general anesthesia in healthy volunteers. 
Anesthesiology 130(6):870–884

 93. Huang Z, Zhang J (2020) Temporal circuit of macroscale dynamic 
brain activity supports human consciousness. Sci Adv 6(11):eaaz0087

 94. Luppi AI, Craig MM, Pappas I (2019) Consciousness-specific dynamic 
interactions of brain integration and functional diversity. Nat Com-
mun 10(1):4616

 95. Golkowski D, Larroque SK, Vanhaudenhuyse A, Plenevaux A, Boly 
M, Di Perri C et al (2019) Changes in whole brain dynamics and 
connectivity patterns during sevoflurane- and propofol-induced 
unconsciousness identified by functional magnetic resonance imag-
ing. Anesthesiology 130(6):898–911

 96. Ishizawa Y (2007) Mechanisms of anesthetic actions and the brain. J 
Anesth 21(2):187–199

 97. Vanlersberghe C, Camu F (2008) Propofol. Handb Exp Pharmacol 
182:227–252

 98. Schlünzen L, Juul N, Hansen KV, Cold GE (2012) Regional cerebral 
blood flow and glucose metabolism during propofol anaesthesia in 
healthy subjects studied with positron emission tomography. Acta 
Anaesthesiol Scand 56(2):248–255

 99. Bonhomme V, Fiset P, Meuret P, Backman S, Plourde G, Paus T et al 
(2001) Propofol anesthesia and cerebral blood flow changes elicited 
by vibrotactile stimulation: a positron emission tomography study. J 
Neurophysiol 85(3):1299–1308

 100. Schrouff J, Perlbarg V, Boly M, Marrelec G, Boveroux P, Vanhauden-
huyse A et al (2011) Brain functional integration decreases during 
propofol-induced loss of consciousness. NeuroImage 57(1):198–205

 101. Schröter MS, Spoormaker VI, Schorer A, Wohlschläger A, Czisch M, 
Kochs EF et al (2012) Spatiotemporal reconfiguration of large-scale 
brain functional networks during propofol-induced loss of con-
sciousness. J Neurosci 32(37):12832–12840

 102. Pujol J, Blanco-Hinojo L, Gallart L, Moltó L, Martínez-Vilavella G, Vilà 
E et al (2020) Largest-scale dissociation of brain activity at propofol-
induced loss of consciousness. Sleep. https ://doi.org/10.1093/sleep /
zsaa1 52

 103. Niesters M, Khalili-Mahani N, Martini C, Aarts L, van Gerven J, van 
Buchem MA et al (2012) Effect of subanesthetic ketamine on intrinsic 
functional brain connectivity: a placebo-controlled functional 
magnetic resonance imaging study in healthy male volunteers. 
Anesthesiology 117(4):868–877

 104. Liu X, Lauer KK, Ward BD, Li SJ, Hudetz AG (2013) Differential effects 
of deep sedation with propofol on the specific and nonspecific 
thalamocortical systems: a functional magnetic resonance imaging 
study. Anesthesiology 118(1):59–69

 105. Llinás R, Ribary U (2001) Consciousness and the brain. The 
thalamocortical dialogue in health and disease. Ann N Y Acad Sci 
929:166–175

 106. John ER (2002) The neurophysics of consciousness. Brain Res Brain 
Res Rev 39(1):1–28

 107. Bonhomme V, Staquet C, Montupil J, Defresne A, Kirsch M, Martial C 
et al (2019) General anesthesia: a probe to explore consciousness. Front 
Syst Neurosci 13:36

https://doi.org/10.1093/sleep/zsaa152
https://doi.org/10.1093/sleep/zsaa152


Page 12 of 12Wang et al. Brain Inf.            (2020) 7:15 

 108. Sanders RD, Tononi G, Laureys S, Sleigh JW (2012) Unresponsiveness ≠ 
unconsciousness. Anesthesiology 116(4):946–959

 109. Deco G, Jirsa VK, Robinson PA, Breakspear M, Friston K (2008) The 
dynamic brain: from spiking neurons to neural masses and cortical 
fields. PLoS Comput Biol 4(8):e1000092

 110. Helfrich RF, Knight RT (2016) Oscillatory dynamics of prefrontal cogni-
tive control. Trends Cogn Sci 20(12):916–930

 111. Allen EA, Damaraju E, Plis SM, Erhardt EB, Eichele T, Calhoun VD (2014) 
Tracking whole-brain connectivity dynamics in the resting state. Cereb 
Cortex 24(3):663–676

 112. Glomb K, Ponce-Alvarez A, Gilson M, Ritter P, Deco G (2017) Resting 
state networks in empirical and simulated dynamic functional connec-
tivity. NeuroImage 159:388–402

 113. Liégeois R, Laumann TO, Snyder AZ, Zhou J, Yeo BTT (2017) Interpret-
ing temporal fluctuations in resting-state functional connectivity MRI. 
NeuroImage 163:437–455

 114. Friston KJ (2011) Functional and effective connectivity: a review. Brain 
Connect 1(1):13–36

 115. Park HJ, Friston K (2013) Structural and functional brain networks: from 
connections to cognition. Science 342(6158):1238411

 116. Park HJ, Friston KJ, Pae C, Park B, Razi A (2018) Dynamic effective con-
nectivity in resting state fMRI. NeuroImage 180(Pt B):594–608

 117. Kaess BM, Feurich F, Bürkle G, Ehrlich JR (2018) Midazolam addition 
to analgosedation for pulmonary vein isolation may increase risk of 
hypercapnia and acidosis. Int J Cardiol 259:100–102

 118. Rioja E, Kerr CL, McDonell WN, Dobson H, Konyer NB, Poma R et al 
(2010) Effects of hypercapnia, hypocapnia, and hyperoxemia on blood 
oxygenation level-dependent signal intensity determined by use of 
susceptibility-weighted magnetic resonance imaging in isoflurane-
anesthetized dogs. Am J Vet Res 71(1):24–32

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Neuropsychopharmacological effects of midazolam on the human brain
	Abstract 
	1 Introduction
	2 Structure, pharmacodynamics, and pharmacokinetics of midazolam
	3 Altered cognitive function during midazolam-induced sedation
	4 Cerebral blood flow during midazolam-induced sedation
	5 Cortical activity during midazolam-induced sedation
	6 Functional connectivity during midazolam-induced sedation
	7 Similar and contrasting neuroimaging results from studies with diverse anesthetic agents
	8 Areas for future research
	9 Conclusion
	Acknowledgements
	References




