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Abstract

Elucidation of critical brain areas or structures that are responsible for recovery of impaired conscious-
ness in patients with disorders of consciousness is important because it can provide information that is
useful when developing therapeutic strategies for neurorehabilitation or neurointervention in patients
with disorders of consciousness. In this review, studies that have demonstrated brain changes during
recovery of impaired consciousness were reviewed. These studies used positron emission tomography,
electroencephalography/transcranial magnetic stimulation, diffusion tensor tractography, and diffusion
tensor tractography/electroencephalography. The majority of these studies reported on the importance of
supratentorial areas or structures in the recovery of impaired consciousness. The important brain areas or
structures that were identified were the prefrontal cortex, basal forebrain, anterior cingulate cortex, and
parietal cortex. These results have a clinically important implication that these brain areas or structures can
be target areas for neurorehabilitation or neurointervention in patients with disorders of consciousness.
However, most of studies were case reports; therefore, further original studies involving larger numbers
of patients with disorders of consciousness are warranted. In addition, more detailed information on the
brain areas or structures that are relevant to the recovery of impaired consciousness is needed.
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Introduction

Consciousness is mainly controlled by actions of the ascend-
ing reticular activating system (Paus, 2000; Zeman, 2001).
Impaired consciousness is caused by various brain pathol-
ogies including stroke, hypoxic-ischemic brain injury, and
traumatic brain injury (Eapen et al., 2017). Among the var-
ious areas or structures of the brain, including the ascend-
ing reticular activating system, elucidation of the critical
brain areas or structures that are responsible for recovery of
impaired consciousness in patients with disorders of con-
sciousness is important because it can provide information
that is useful in developing prognoses or neurorehabilita-
tion or neurointervention therapeutic strategies for patients
with disorders of consciousness (Ragazzoni et al., 2017;
Vanhoecke and Hariz, 2017). Many researchers have tried
to elucidate the critical brain areas or structures in patients
with disorders of consciousness using various neuroimag-
ing techniques (Laureys et al., 1999, 2000; Boly et al., 2004,
2011; Giacino et al., 2004; Smith et al., 2004; Schnakers et al.,
2008; Pollonini et al., 2010; Fernandez-Espejo et al., 2011;
Lehembre et al., 2012; Rosanova et al., 2012; Kotchoubey et
al., 2013; Bonfiglio et al., 2014; Holler et al., 2014; Bender et
al., 2015; Jang and Lee, 2015; Qin et al., 2015; Stender et al.,
2015; Jang et al., 2015, 20164, b, ¢, 2017; Zou et al., 2017; Tan
et al,, 2018). However, the majority of those studies have fo-
cused on the difference between the vegetative state and the
minimally conscious state. Fewer studies have demonstrated
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changes in the brain during recovery of impaired conscious-
ness in patients with disorders of consciousness (Laureys et
al., 2000; Rosanova et al., 2012; Jang et al,, 2015, 2016a, b, c,
2017; Jang and Lee, 2015; Zou et al., 2017; Tan et al., 2018).
In addition, the majority of the aforementioned studies have
focused on individual patients rather than on original stud-
ies that involved a large number of patients.

Early studies on brain areas or structures that are rele-
vant to the recovery of impaired consciousness have used
positron emission tomography (PET) or electroencepha-
lography (EEG) combined with transcranial magnetic stim-
ulation (TMS) (Laureys et al., 1999, 2000; Boly et al., 2004;
Schnakers et al., 2008; Pollonini et al., 2010; Boly et al., 2011;
Lehembre et al., 2012; Rosanova et al., 2012; Kotchoubey et
al., 2013; Bonfiglio et al., 2014; Holler et al., 2014; Qin et al.,
2015; Stender et al., 2015). However, such evaluation tools
are limited in their capacity to demonstrate the structural
characteristics of the ascending reticular activating system,
which is the main brain structure relevant to consciousness.
By contrast, diffusion tensor tractography (DTT), which
is reconstructed from diffusion tensor imaging data, has
enabled three-dimensional evaluation of the ascending re-
ticular activating system (Edlow et al., 2012). In addition,
detailed estimation of the entire ascending reticular acti-
vating system, via segmentation of the ascending reticular
activating system based on specific portions of the brain, has
been made possible by applying DTT, for example, the low-
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er dorsal ascending reticular activating system (the pontine
reticular formation is connected to the intralaminar thalam-
ic nuclei), the lower ventral ascending reticular activating
system (the pontine reticular formation is connected to the
hypothalamus), and the upper ascending reticular activating
system (the intralaminar thalamic nuclei is connected to
the cerebral cortex) have been reconstructed via DTT (Yeo
et al,, 2013; Jang and Kwon, 2015; Jang and Kwak, 2017).
Several studies have used DTT to demonstrate structural
changes in the ascending reticular activating system during
recovery of impaired consciousness in patients with disor-
ders of consciousness (Jang et al., 2015, 20164, b, ¢; Jang and
Lee, 2015, 2017; Zou et al., 2017; Tan et al., 2018).

In this review, neuroimaging studies that have demon-
strated changes in the brain during recovery of impaired
consciousness in patients with disorders of consciousness
are reviewed. This review suggests a hypothesis that specific
brain areas or structure is related to recovery of impaired
consciousness. Relevant studies reported between 1966
and 2018 were identified by accessing electronic databases
(PubMed, Google Scholar, and MEDLINE). In those data-
base searches, the following keywords were used: disorders
of consciousness, consciousness, ascending reticular acti-
vating system, diffusion tensor imaging, DTT, PET, func-
tional MRI (fMRI), TMS, EEG, vegetative state, minimally
conscious state, unresponsive wakefulness syndrome, and
recovery of consciousness. This review is limited to studies
of humans with disorders of consciousness and the relevant
studies were selected according to the flow diagram present-
ed in Figure 1. As a result of these searches, 11 studies (Lau-
reys et al., 1999, 2000; Rosanova et al., 2012; Jang et al., 2015,
20164, b, ¢; Jang and Lee, 2015, 2017; Zou et al., 2017; Tan et
al., 2018) were selected for review and are discussed below.

Review

Eleven studies (Laureys et al., 1999, 2000; Rosanova et al.,
2012; Jang et al., 2015, 20164, b, ¢; Jang and Lee, 2015, 2017;
Zou et al., 2017; Tan et al.,, 2018) demonstrated changes in
the brain during recovery of impaired consciousness. These
studies used PET (two studies), fMRI (one study), TMS/EEG
(one study), DTT (six studies), and DTT/EEG (one study) to
describe the changes. These studies are summarized in Table
1 and are reviewed in the following.

PET

In 1999, by applying fluorodeoxyglucose PET, Laureys et al.
(2019) reported a change in the cerebral glucose metabolic
rate during recovery of impaired consciousness in a patient
with disorders of consciousness following CO intoxication.
Fluorodeoxyglucose PET was performed twice, first during
the patient’s vegetative state (15 days after admission) and
second after the patient recovered to consciousness (37 days
after admission). During the vegetative state, the cerebral
glucose metabolic rate decreased in the left and right superior
parietal lobules, the left inferior parietal lobule, the precune-
us, the left superior occipital gyrus, the superior and middle
temporal gyri, and the premotor, postcentral, and precentral
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Figure 1 Flow diagram of study selection.

PET: Positron emission tomography; fMRI: functional magnetic reso-
nance imaging: TMS; transcranial magnetic stimulation; EEG: electro-
encephalography; DTT; diffusion tensor tractography.

cortices. The patient revealed an attention deficit with mod-
erate impairment of short-term memory at 1 month after
admission and a spastic gait, slurred speech, and minor short-
term memory disturbance at 1 year after onset. After recov-
ery of consciousness at 37 days after admission, metabolic
impairment was confined to the left and right precentral and
postcentral gyri and the premotor cortex, with resolution of
the metabolic decrement in the posterior associative cortices.
As a result, the authors concluded that the posterior associa-
tive cortices had a critical role in recovery of impaired con-
sciousness in this patient (Laureys et al., 1999).

Subsequently, Laureys et al. (2000) demonstrated a change
in regional cerebral blood flow using H2"°O PET during re-
covery of impaired consciousness in a patient with disorders
of consciousness (the disease entity was not documented
in the paper). They assessed the functional connectivity be-
tween the intralaminar thalamic nuclei and the cerebral cor-
tex during the patient’s vegetative state and after recovery
of consciousness (the precise state of consciousness of the
patient after recovery was not described in the paper). When
the patient was in a vegetative state, Laureys et al. observed
that the functional connectivities between the intralaminar
thalamic nuclei and the right prefrontal (Brodmann’s areas
10, 9, and 8) and anterior cingulate (area 24/32) cortices
were lower than those in healthy controls, whereas these
decrements were normalized when the patient recovered
from impaired consciousness. Consequently, the authors
suggested that restoration of consciousness appeared to be
paralleled by the resumption of the functional relationships
between the thalamus and the aforementioned associative
cortices. Based on those observations, the thalamocortical
connections were deemed to have an important role in the
maintenance of consciousness in human brain.

fMRI
In 2017, Zou et al. analyzed resting state fMRI using whole
brain voxel-wise amplitude of low-frequency fluctuation to
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measure the fluctuation strength of local spontaneous activ-
ity in 23 acquired brain injury patients (8 patients: fully pre-
served consciouness state, 9 patients: minimally conscious
state, 4 patients: unresponsive wakefulness syndrome/
vegetative state, and 2 patients: coma state) and 30 control
subjects. The first scan was conducted at average 81.1days
after onset, and a time gap between the two scans at average
75.8 days after onset. The level of consciousness was assessed
using the Glasgow Coma Scale (GCS) and Coma Recovery
Scale-Revised (CRSR) scale on both fMRI scan days. Results
showed that the interaction effect in the precuneus was driv-
en by restored low-frequency fluctuation in the acquired
brain injury group without significant change in the control
group. The decreased low-frequency fluctuation of the pre-
cuneus in the acquired brain injury group was increased to
a similar level to the control group at the second scan, sug-
gesting that the local neuronal activity in the precuneus in
acquired brain injury patients recovered normal. The aver-
age longitudinal changes in low-frequency fluctuation in the
presumes showed positive correlations with improvements
in both the GCS and CRSR scores. As a result, the authors
concluded that the resting-state local neuronal activity in
the precuneus could be useful for the guidance and develop-
ment of rehabilitative therapy.

TMS with EEG
In 2012, using TMS combined with EEG, Rosanova et al.
estimated the levels of cortical effective connectivity (a key

requirement for consciousness is that multiple, specialized
cortical areas can engage in rapid causal interactions) in
three patients who showed recovery of impaired conscious-
ness. The three patients (two patients: stroke; one patient:
traumatic brain injury) revealed recovery of impaired con-
sciousness from a vegetative state to a functionally com-
municable state (able to obey motor commands) through
a minimally conscious state. Using three sessions of TMS/
EEG in the three patients, they observed that TMS triggered
a complex pattern of activation that sequentially involved
a large set of cortical areas (i.e., effective connectivity) and
could occur at an early stage before reliable communication
was established. On the other hand, the two patients who
remained in the vegetative state showed either a local simple
activation wave or no response. As a result, they suggested
that measurement of cortical effective connectivity using
TMS/EEG can be an effective way to detect and track recov-
ery of consciousness in patients who are unable to exchange
information with the external environment following disor-
ders of consciousness.

DTT

In 2015, Jang et al. reported recovery of an injured lower
dorsal ascending reticular activating system in a patient with
traumatic brain injury. The patient suffered the traumatic
brain injury by falling while riding a horse and underwent
decompressive craniectomy and removal of a subdural hema-
toma on the right fronto-temporo-parietal lobe. At 4 months

Table 1 Neuroimaging studies that have demonstrated changes in the brain during recovery of impaired consciousness in patients with

disorders of consciousness

Neuroimaging Patient Brain areas related to recovery of impaired
technique Authors number  Disease Consciousness state  consciousness
PET Laureys et al. (1999) 1 CO intoxication Vegetative Posterior associative cortices
- normal (parieto-temporo-occipital)
Laureys et al. (2000) 1 Unknown Vegetative Thalamocortical connectivity
> not described (prefrontal & anterior cingulate)
fMRI Zou etal. (2017) 23 Acquired brain injury Precuneus
TMS/EEG Rosanova et al. (2012) 3 Stroke (2) Vegetative Cortical effective connectivity
TBI (1) - communicable
DTT Jang et al. (2015) 1 TBI MCS Lower dorsal ARAS
- communicable
Jang & Lee (2015) 1 HI-BI PVS Lower dorsal ARA
> MCS Upper ARAS
(prefrontal & basal forebrain)
Jang et al. (2016¢) 1 HI-BI MCS Lower dorsal & ventral ARAS
- normal Upper ARAS
(prefrontal & basal forebrain)
Jang et al. (2016b) 1 Stroke PVS Upper ARAS
-> MCS (prefrontal & thalamus)
Jang et al. (2016a) 1 TBI HI-BI Vegetative Upper ARAS
> MCS (hypothalamus, basal forebrain, prefrontal,
anterior cingulate & parietal)
Jang & Lee (2017) 1 Stroke Vegetative Lower dorsal & ventral ARAS
- normal Upper ARAS (prefrontal & basal forebrain)
DTT/EEG Tan et al. (2018) 1 TBI Vegetative Temporoparietal junction area
> MCS

PET: Positron emission tomography; fMRI: functional MRI; TMS/EEG: transcranial magnetic stimulation/electroencephalography; TBI: traumatic
brain injury; DTT: diffusion tensor tractography; MCS: minimally conscious state; ARAS: ascending reticular activating system; HI-BI: hypoxic-

ischemic brain injury; PVS: persistent vegetative state.

1204



Jang SH, Kwon YH (2019) Neuroimaging characterization of recovery of impaired consciousness in patients with disorders of consciousness.

Neural Regen Res 14(7):1202-1207. doi:10.4103/1673-5374.251299

from onset, he was in a minimally conscious state with a GCS
score of 7 (eye opening: 3, verbal response: 1, and motor re-
sponse: 3) (Teasdale and Jennett, 1974; Giacino et al., 2002).
At 40 months after onset, the patient recovered to a commu-
nicable state with a GCS score of 15 (full score). A 4-month
DTT of the patient showed injury of the lower dorsal ascend-
ing reticular activating system when compared with that in
normal subjects; however, on a 40-month DTT, the once-in-
jured lower dorsal ascending reticular activating system had
recovered to a state similar to that of normal subjects. As a
result, the authors demonstrated recovery of an injured lower
dorsal ascending reticular activating system concurrent with
recovery of impaired consciousness (Jang et al., 2015).

During the same year, Jang and Lee (2015) demonstrated
recovery of the lower dorsal ascending reticular activating
system, as well as recovery of the upper ascending reticular
activating system in a patient who recovered from impaired
consciousness following hypoxic-ischemic brain injury. The
patient was diagnosed as hypoxic-ischemic brain injury fol-
lowing cardiac and respiratory arrest due to epiglottitis. At
7 months after onset, the patient exhibited a persistent veg-
etative state with a GCS score of 6 (eye opening: 2, best ver-
bal response: 1, and best motor response: 3) (Teasdale and
Jennett, 1974; Multi-Society Task Force on PVS, 1994). She
underwent comprehensive rehabilitation, including drugs
for recovery of impaired consciousness (ropinirole and bro-
mocriptine) for 4 years after onset. At 4 years after onset, her
impaired consciousness had recovered to a minimally con-
scious state with a GCS score of 12 (eye opening: 4, best ver-
bal response: 2, and best motor response: 6) (Teasdale and
Jennett, 1974; Giacino et al., 2002). At 7 months after onset,
DTT revealed that both the upper and right lower dorsal as-
cending reticular activating system were injured when com-
pared with those in normal controls. However, on DTT at 4
years after onset, these injuries were no longer detected and
the ascending reticular activating system appeared to have
recovered to a normal state. In particular, compared to the
7-month DTT, there was increased neural connectivity to
both the basal forebrain and prefrontal cortex observed on
the 4-year DTT. The authors suggested that the lower dorsal
and upper ascending reticular activating system changes
were related to the recovery of impaired consciousness in
this patient (Jang and Lee, 2015).

In 2016, Jang et al. reported on a patient who showed
recovery of impaired consciousness and injured ascending
reticular activating system over a period of 3 weeks in the
early stage of hypoxic-ischemic brain injury. The patient
had suffered cardiac arrest induced by acute coronary syn-
drome and was transferred to the emergency room of a local
medical center. When the patient started rehabilitation at 2
weeks after onset, he exhibited a minimally conscious state
with a GCS score of 8 and a CRSR score of 8 (Teasdale and
Jennett, 1974; Giacino et al., 2004; Jang and Kwak, 2017).
He underwent comprehensive rehabilitation including
drugs for recovery of impaired consciousness (modafinil,
levodopa, ropinirole, amantadine, zolpidem, and donepezil)
(Georgiopoulos et al., 2010; Schiff, 2010; Ciurleo et al., 2013;

Noormandi et al., 2017). He recovered well and rapidly, and
his consciousness recovered to full scores on the GCS (15)
and CRSR (23) at 5 weeks after onset. On DTT at 5 weeks
after onset, the left lower dorsal ascending reticular activat-
ing system and the right lower ventral ascending reticular
activating system showed recovery compared with those on
2-week DTT. Regarding the upper ascending reticular acti-
vating system, the neural connectivity to the basal forebrain
and prefrontal cortex in both hemispheres on 5-week DTT
had increased compared to that observed on 2-week DTT.
As a result, consciousness and injury recoveries in the in-
jured lower dorsal, lower ventral, and upper ascending retic-
ular activating systems were demonstrated to occur during
a 3-week period in the early stage of hypoxic-ischemic brain
injury in this patient (Jang et al., 2016c¢).

During the same year, Jang et al. reported on a stroke
patient with changes in the ascending reticular activating
system that were concurrent with recovery from a persistent
vegetative state to a minimally conscious state (Jang et al.,
2016b). The patient underwent computed tomography-guid-
ed stereotactic drainage three times for management of spon-
taneous intracerebral and intraventricular hemorrhage. At 4
months after onset, the patient showed impaired conscious-
ness (persistent vegetative state) with a GCS score of 6 and a
CRSR score of 2 (Teasdale and Jennett, 1974; Multi-Society
Task Force on PVS, 1994; Giacino et al., 2004). He underwent
comprehensive rehabilitation including drugs for recovery of
impaired consciousness (modafinil, methylphenidate, aman-
tadine, levodopa, zolpidem, and baclofen) (Georgiopoulos et
al., 2010; Schiff, 2010; Ciurleo et al., 2013; Noormandi et al.,
2017). His consciousness recovered to a minimally conscious
state at 10 months after onset with test results revealing a GCS
score of 11 and a CRSR score of 20 (Teasdale and Jennett,
1974; Giacino et al., 2002, 2004). Compared to their status
on 4-month DTT, the DTT results at 10 months after onset
revealed increased neural connectivity of the thalamic intral-
aminar nucleus to the cerebral cortex in both prefrontal cor-
tices, as well as improved connectivity in the right thalamus.
However, on 10-month DTT, there was no significant change
in the lower dorsal ascending reticular activating system. The
authors suggested that the prefrontal cortex and thalamus,
which showed increased neural connectivity, appeared to be
related to the patient’s recovery from a persistent vegetative
state to a minimally conscious state (Jang et al., 2016b).

Also in 2016, Jang et al. demonstrated changes in the as-
cending reticular activating system that were concurrent with
the recovery from a vegetative state to a minimally conscious
state in a patient with traumatic brain injury (Jang et al,,
2016a). While a passenger in a vehicle suffered a traumatic
brain injury during a collision with a truck. At the time, he
underwent cardiopulmonary resuscitation for approximately
10 minutes due to immediate cardiac arrest after the head
trauma. At 10 months after onset, the patient exhibited a
vegetative state with a CRSR score of 7 (Teasdale and Jen-
nett, 1974; Multi-Society Task Force on PVS, 1994; Giacino
et al., 2004) and underwent a ventriculo-peritoneal shunt
operation for hydrocephalus. After the shunt operation, he
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underwent comprehensive rehabilitation including drugs for
recovery of impaired consciousness (modafinil, methylphe-
nidate, ropinirole, and baclofen) (Georgiopoulos et al., 2010;
Schiff, 2010; Ciurleo et al., 2013; Noormandi et al., 2017). At
2 weeks after the operation, his GCS score indicated recovery
to a minimally conscious state with a GCS score of 11 and a
CRSR score of 15 (Teasdale and Jennett, 1974; Giacino et al.,
2002, 2004). At 8 weeks post-operation, his consciousness
improved, with a GCS score of 12 and a CRSR score of 17
(Teasdale and Jennett, 1974; Giacino et al., 2002; Giacino et
al., 2004). As a result, he was able to control head movements
for approximately 1 minute in a sitting position and to track
his eyes intermittently in response to a verbal command at
8 weeks post-operation. Serial post-operation DTT results
showed increased neural connectivities to the hypothalamus,
basal forebrain, prefrontal cortex, anterior cingulate cortex,
and parietal cortex in both hemispheres compared to the con-
nectivities observed on the pre-operation DTT. The authors
concluded that connectivity recovery in these areas might
have contributed to the recovery of impaired consciousness
in this patient (Jang et al., 2016a).

Recently, Jang and Lee (2017) reported on a stroke patient
who showed recovery of consciousness concurrent with re-
covery of an ascending reticular activating system with mul-
tiple injuries (Jang and Lee, 2016). The patient was diagnosed
as spontaneous intraventricular hemorrhage and intracere-
bral hemorrhage in the left basal ganglia, and he underwent
frontal extraventricular drainage in both hemispheres. At 1
month after onset, when starting rehabilitation, he exhibited
a vegetative state with a GCS score of 9 and a CRSR score
of 5 (Teasdale and Jennett, 1974; Multi-Society Task Force
on PVS, 1994; Giacino et al., 2004). He underwent compre-
hensive rehabilitation with drugs for recovery of impaired
consciousness (pramipexole, ropinirole, amantadine, and
levodopa) (Georgiopoulos et al., 2010; Schiff, 2010; Ciurleo
et al., 2013; Noormandi et al., 2017). At 7 months after on-
set, his test scores indicated he had recovered to a commu-
nicable state, exhibiting a GCS full score (15) and a CRSR
score of 22 (Teasdale and Jennett, 1974; Giacino et al., 2004).
The patient’s 7-month DTT results revealed recovery of the
injured lower dorsal and ventral ascending reticular activat-
ing system; moreover, the neural connectivity of the upper
ascending reticular activating system to the right prefrontal
cortex and basal forebrain had increased compared with
that on the DTT results obtained at 1 month after onset. As
a result, the authors concluded that recovery of the multiple
injuries in the ascending reticular activating system was re-
lated to the concurrent recovery of impaired consciousness
in this patient (Jang and Lee, 2016).

DTT with EEG

Recently, Tan et al. (2018) reported on a patient with trau-
matic brain injury due to a traffic accident who recovered
from a vegetative state to a minimally conscious state. At
1.5 months after onset, the patient showed a vegetative
state with a CRSR score of 4. Sleep spindle wave was not
found on 24-hour dynamic EEG. With the conservative
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management, the patient recovered consciousness to a min-
imally conscious state: at 5 months after onset, the patient’s
CRSR score had recovered to 16 and 24-hour dynamic EEG
revealed obvious sleep stages and spindle waves. In con-
nectometry analysis of diffusion tensor imaging data, the
number of fibers with increased density and magnitude was
greatest in the temporoparietal junction at the minimally
conscious state compared with the vegetative state, which
was coincided with the active areas observed on 24-hour
EEG recordings. In addition, analysis of different fibers
across the brain showing at least a 10% increase in density
showed that altered white matter connections were located
within or across visual-related areas and auditory cortex.

Conclusions

Most of the studies reported the importance of supratento-
rial areas or structures for recovery of impaired conscious-
ness. The described specific brain areas or structures can be
summarized as follows: the prefrontal cortex, the basal fore-
brain, the anterior cingulate cortex, and the parietal cortex
(Figure 2). Among these areas, results associated with the
prefrontal cortex, which has been reported most commonly
as an area critical for consciousness, appear to support the
results of studies demonstrating the importance of the pre-
frontal lobe in distinguishing between the vegetative state
and the minimally conscious state (Boly et al., 2004, 2011;
Holler et al., 2014; Stender et al., 2015). These results have a
clinically important implication that the results of the stud-
ies reviewed herein indicate that the above-mentioned brain
areas or structures could be target areas for neurorehabil-
itation or neurointervention in patients with disorders of
consciousness (Ragazzoni et al., 2017; Vanhoecke and Hariz,
2017). However, most studies were case reports; therefore,
further original studies involving a larger number of patients
with disorders of consciousness are warranted. In addition,
there is a need for more detailed information on the areas
or structures of the brain that are critical or relevant to the
recovery of impaired consciousness. Further studies which
elucidate the critical areas discriminating vegetative, mini-
mally conscious, confusional, and normal conscious states
are also needed.

Parietal cortex Anterior cingulate cortex

Prefrontal cortex

Basal forebrain

Figure 2 Cartoon line diagram about brain areas or structures for
recovery of impaired consciousness.



Jang SH, Kwon YH (2019) Neuroimaging characterization of recovery of impaired consciousness in patients with disorders of consciousness.

Neural Regen Res 14(7):1202-1207. doi:10.4103/1673-5374.251299

Author contributions: Manuscript conception and design: SHJ; critical revi-
sion of manuscript for intellectual content: YHK. Both authors approved the
final version of this paper.

Conflicts of interest: No conflicts of interest have been reported by the au-
thors or by any individuals in the control of the content of this paper.
Financial support: This work was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korean Government (MSIP)
(No. 2018R1A2B6000996; to SHJ). The funding body played no role in the
manuscript conception and design, in the critical revision of manuscript for
intellectual content, and in the writing of the manuscript, and in the decision
to submit the manuscript for publication.

Copyright license agreement: The Copyright License Agreement has been
signed by all authors before publication.

Plagiarism check: Checked twice by iThenticate.

Peer review: Externally peer reviewed.

Open access statement: This is an open access journal, and articles are
distributed under the terms of the Creative Commons Attribution-NonCom-
mercial-ShareAlike 4.0 License, which allows others to remix, tweak, and
build upon the work non-commercially, as long as appropriate credit is given
and the new creations are licensed under the identical terms.

References

Bender A, Jox RJ, Grill E, Straube A, Lule D (2015) Persistent vegetative state
and minimally conscious state: A systematic review and meta-analysis of
diagnostic procedures. Dtsch Arztebl Int 112:235-242.

Boly M, Faymonville ME, Peigneux P, Lambermont B, Damas P, Del Fiore G,
Degueldre C, Franck G, Luxen A, Lamy M, Moonen G, Maquet P, Laureys
S (2004) Auditory processing in severely brain injured patients - Differences
between the minimally conscious state and the persistent vegetative state.
Arch Neurol 61:233-238.

Boly M, Garrido MI, Gosseries O, Bruno MA, Boveroux P, Schnakers C, Mas-
simini M, Litvak V, Laureys S, Friston K (2011) Preserved feedforward but
impaired top-down processes in the vegetative state. Science 332:858-862.

Bonfiglio L, Piarulli A, Olcese U, Andre P, Arrighi P, Frisoli A, Rossi B, Ber-
gamasco M, Carboncini MC (2014) Spectral parameters modulation and
source localization of blink-related alpha and low-beta oscillations differen-
tiate minimally conscious state from vegetative state/unresponsive wakeful-
ness syndrome. PLoS One 9:¢93252.

Ciurleo R, Bramanti P, Calabro RS (2013) Pharmacotherapy for disorders of con-
sciousness: Are ‘awakening’ drugs really a possibility? Drugs 73:1849-1862.

Eapen BC, Georgekutty J, Subbarao B, Bavishi S, Cifu DX (2017) Disorders of
consciousness. Phys Med Rehabil Clin N Am 28:245-258.

Edlow BL, Takahashi E, Wu O, Benner T, Dai G, Bu L, Grant PE, Greer DM,
Greenberg SM, Kinney HC, Folkerth RD (2012) Neuroanatomic connectiv-
ity of the human ascending arousal system critical to consciousness and its
disorders. ] Neuropathol Exp Neurol 71:531-546.

Fernandez-Espejo D, Bekinschtein T, Monti MM, Pickard JD, Junque C, Coleman
MR Owen AM (2011) Diffusion weighted imaging distinguishes the vegetative
state from the minimally conscious state. Neuroimage 54:103-112.

Georgiopoulos M, Katsakiori P, Kefalopoulou Z, Ellul J, Chroni E, Constantoy-
annis C (2010) Vegetative state and minimally conscious state: A review of
the therapeutic interventions. Stereotact Funct Neurosurg 88:199-207.

Giacino JT, Ashwal S, Childs N, Cranford R, Jennett B, Katz DI, Kelly JP, Rosen-
berg JH, Whyte J, Zafonte RD, Zasler ND (2002) The minimally conscious
state: Definition and diagnostic criteria. Neurology 58:349-353.

Giacino JT, Kalmar K, Whyte ] (2004) The JFK Coma Recovery Scale-Revised:
measurement characteristics and diagnostic utility. Arch Phys Med Rehabil
85:2020-2029.

Holler Y, Thomschewski A, Bergmann ], Kronbichler M, Crone JS, Schmid
EV, Butz K, Holler P, Nardone R, Trinka E (2014) Connectivity biomarkers
can differentiate patients with different levels of consciousness. Clin Neuro-
physiol 125:1545-1555.

Jang S, Kim S, Lee H (2016a) Recovery from vegetative state to minimally con-
scious state: A case report. Am ] Phys Med Rehabil 95:E63-66.

Jang SH, Chang CH, Jung YJ, Seo YS (2016b) Change of ascending reticular
activating system with recovery from vegetative state to minimally conscious
state in a stroke patient. Medicine 95:e5234.

Jang SH, Hyun YJ, Lee HD (2016¢) Recovery of consciousness and an injured
ascending reticular activating system in a patient who survived cardiac ar-
rest: A case report. Medicine 95:e4041.

Jang SH, Kim SH, Lim HW, Yeo SS (2015) Recovery of injured lower portion
of the ascending reticular activating system in a patient with traumatic brain
injury. Am J Phys Med Rehabil 94:250-253.

Jang SH, Kwak SY (2017) The upper ascending reticular activating system be-
tween intralaminar thalamic nuclei and cerebral cortex in the human brain.
J Korean Soc Phys The 29:109-114.

Jang SH, Kwon HG (2015) The ascending reticular activating system from
pontine reticular formation to the hypothalamus in the human brain: A dif-
fusion tensor imaging study. Neurosci Lett 590:58-61.

Jang SH, Lee HD (2015) Ascending reticular activating system recovery in a
patient with brain injury. Neurology 84:1997-1999.

Jang SH, Lee HD (2017) Recovery of multiply injured ascending reticular acti-
vating systems in a stroke patient. Neural Regen Res 12:671-672.

Kotchoubey B, Merz S, Lang S, Markl A, Muller F, Yu T, Schwarzbauer C (2013)
Global functional connectivity reveals highly significant differences between
the vegetative and the minimally conscious state. ] Neurol 260:975-983.

Laureys S, Faymonville ME, Luxen A, Lamy M, Franck G, Maquet P (2000)
Restoration of thalamocortical connectivity after recovery from persistent
vegetative state. Lancet 355:1790-1791.

Laureys S, Lemaire C, Maquet P, Phillips C, Franck G (1999) Cerebral metab-
olism during vegetative state and after recovery to consciousness. ] Neurol
Neurosurg Psychiatry 67:121.

Lehembre R, Bruno MA, Vanhaudenhuyse A, Chatelle C, Cologan V, Leclercq Y,
Soddu A, Macq B, Laureys S, Noirhomme Q (2012) Resting-state EEG study
of comatose patients: a connectivity and frequency analysis to find differences
between vegetative and minimally conscious states. Funct Neurol 27:41-47.

Multi-Society Task Force on PVS (1994) Medical aspects of the persistent veg-
etative state (1). N Engl ] Med 330:1499-1508.

Noormandi A, Shahrokhi M, Khalili H (2017) Potential benefits of zolpidem in
disorders of consciousness. Expert Rev Clin Pharmacol 10:983-992.

Paus T (2000) Functional anatomy of arousal and attention systems in the hu-
man brain. Prog Brain Res 126:65-77.

Pollonini L, Pophale S, Situ N, Wu MH, Frye RE, Leon-Carrion J, Zouridakis
G (2010) Information communication networks in severe traumatic brain
injury. Brain Topogr 23:221-226.

Qin PM, Wu XH, Huang ZR, Duncan NW, Tang W], Wolff A, Hu J, Gao L, Jin
Y, Wu X, Zhang J, Lu L, Wu C, Qu X, Mao Y, Weng X, Zhang J, Northoff
G (2015) How are different neural networks related to consciousness? Ann
Neurol 78:594-605.

Ragazzoni A, Cincotta M, Giovannelli F, Cruse D, Young GB, Miniussi C, Ros-
si S (2017) Clinical neurophysiology of prolonged disorders of conscious-
ness: From diagnostic stimulation to therapeutic neuromodulation. Clin
Neurophysiol 128:1629-1646.

Rosanova M, Gosseries O, Casarotto S, Boly M, Casali AG, Bruno MA, Mari-
otti M, Boveroux P, Tononi G, Laureys S, Massimini M (2012) Recovery of
cortical effective connectivity and recovery of consciousness in vegetative
patients. Brain 135:1308-1320.

Schift ND (2010) Recovery of consciousness after brain injury: A mesocircuit
hypothesis. Trends Neurosci 33:1-9.

Schnakers C, Ledoux D, Majerus S, Damas P, Damas F, Lambermont B, Lamy
M, Boly M, Vanhaudenhuyse A, Moonen G, Laureys S (2008) Diagnostic
and prognostic use of bispectral index in coma, vegetative state and related
disorders. Brain Inj 22:926-931.

Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE], Johan-
sen-Berg H, Bannister PR, De Luca M, Drobnjak I, Flitney DE, Niazy RK,
Saunders J, Vickers J, Zhang Y, De Stefano N, Brady JM, Matthews PM
(2004) Advances in functional and structural MR image analysis and imple-
mentation as FSL. Neuroimage 23:5208-219.

Stender J, Kupers R, Rodell A, Thibaut A, Chatelle C, Bruno MA, Gejl M, Ber-
nard C, Hustinx R, Laureys S, Gjedde A (2015) Quantitative rates of brain
glucose metabolism distinguish minimally conscious from vegetative state
patients. ] Cereb Blood Flow Metab357 35:58-65.

Tan X, Gao J, Zhou Z, Wei R, Gong T, Wu Y Liu K, He F, Wang ], Li ], Zhang X,
Pan G, Luo B (2018) Spontaneous recovery from unresponsive wakefulness
syndrome to a minimally conscious state: early structural changes revealed
by 7-T magnetic resonance imaging. Front Neurol 8:741.

Teasdale G, Jennett B (1974) Assessment of coma and impaired consciousness.
A practical scale. Lancet 2:81-84.

Vanhoecke J, Hariz M (2017) Deep brain stimulation for disorders of conscious-
ness: Systematic review of cases and ethics. Brain Stimul 10:1013-1023.

Yeo SS, Chang PH, Jang SH (2013) The ascending reticular activating system
from pontine reticular formation to the thalamus in the human brain. Front
Hum Neurosci 7:416.

Zeman A (2001) Consciousness. Brain 24:1263-1289.

Zou Q, Wu X, Hu J, Tang W, Mao Y, Zhu J, Lu L, Zhang Y, Gao JH (2017)
Longitudinal recovery of local neuronal activity and consciousness level in
acquired brain injury. Hum Brain Mapp doi: 10.1002/hbm.23611.

C-Editor: Zhao M; S-Editor: Li CH; L-Editor: Song LP; T-Editor: Liu XL

1207



