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Purpose: This study aimed to investigate the changes in the functional
connectivity between the bilateral thalamus and the whole-brain in
patients with severe traumatic brain injury (sTBI) patients suffering from
disorders of consciousness (DOC) and to explore their potential prognostic
representation capacity.

Methods: The sTBI patients suffering from DOC and healthy controls
underwent functional magnetic resonance imaging. We defined patients with
the Extended Glasgow Outcome Score (GOS-E) > 3 as the wake group and
GOS-E = 2 as the coma group. The differences in functional connectivity
between sTBI and healthy controls and between wake and coma groups were
compared. Based on the brain regions with altered functional connectivity
between wake and coma groups, they were divided into 26 regions of
interest. Based on the Z-values of regions of interest, the receiver operating
characteristic analysis was conducted to classify the prognosis of patients.

Results: A total of 28 patients and 15 healthy controls were finally included.
Patients who had DOC indicated a significant disruption of functional
connectivity between the bilateral thalamus and the whole-brain (FDR
corrected, P < 0.0007). The functional connectivity strength (bilateral thalamus
to whole-brain) was significantly different between coma patients who went
on to wake and those who were eventually non-awake at 6 months after sTBI
(Alphasim corrected, P < 0.05). Furthermore, the 26 regions of interest had a
similar or even better prognostic distinction ability than the admission Glasgow
coma score.
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FIGURE 4

Features of functional connectivity between each regions of interest pair. (A) 26 regions of interest. (B) matrix of Pearson’s correlation

coefficients between each regions of interest pair in the awake group. (C) matrix of Pearson’s correlation coefficients between each regions of
(Continued)

Frontiers in Neurology 08 frontiersin.org



Zhang et al.

10.3389/fneur.2022.990686

FIGURE 4 (Continued)

interest pair in the DOC group. (D) differences of a matrix of Z-values between awake and DOC groups. (E) compared with the wake group, the
strength of functional connectivity between some regions of interest pairs in the DOC group were similar. (F) compared with the wake group,
the strength of functional connectivity between many regions of interest pairs in the DOC group were enhanced).

TABLE 4 Quantitative analysis of regions of interests in wake and DOC groups.

Brain regions Wake group DOC group P-value
Left cerebellum 4, 5 1.218 4 0.346 1.632 4 0.196 0.006
Left cerebellum crusl 0.473 #+0.325 0.853 & 0.449 0.036
Left brain stem 0.758 £ 0.397 1.312 4 0.507 0.011
Right superior frontal gyrus, medial 0.496 + 0.346 0.947 4 0.423 0.015
Brodmann area 8 0.712 £ 0.266 1.3714+0.384 < 0.001
Right postcentral gyrus 0.769 +0.313 1.354 £ 0.365 0.001
Right supplementary motor area 0.384 £ 0.354 0.99 +0.477 0.003
Right inferior temporal gyrus 0.737 £ 0.443 1.219 4 0.340 0.017
Right precentral gyrus 0.782 £ 0.358 1.448 £ 0.358 0.001
Brodmann area 6 0.496 £ 0.345 0.961 £ 0.658 0.046
Brodmann area 20 0.763 £ 0.573 1.379 +0.170 0.002
Right cerebelum crus 1 0.318 £ 0.299 0.816 & 0.272 0.001
Left paracentral lobule 0.860 =+ 0.447 1.424 +0.339 0.007
Left supplementary motor area 0.680 £ 0.370 1.229 +0.355 0.003
Brodmann area 17 0.621 £ 0.335 1.050 & 0.532 0.034
Brodmann area 25 0.842 £ 0.493 1.311 4 0.209 0.008
Brodmann area 34 0.934 £ 0.445 1.428 4 0.235 0.004
Right inferior occipital gyrus 0.561 £ 0.479 1.006 & 0.461 0.049
Right brain stem 0.627 £ 0.409 1.294 4 0.408 0.002
Right parahippocampal gyrus; 0.882 £ 0.372 1.441 4 0.299 0.002
Brodmann area 4 0.553 £ 0.346 1.232 +0.422 0.001
Brodmann area 45 1.126 4 0.426 1.722 4 0.564 0.013
Right middle temporal gyrus 0.898 £+ 0.617 1.565 % 0.290 0.004
Brodmann area 38 0.569 £ 0.299 1.247 4 0.435 < 0.001
Right superior temporal gyrus 0.976 + 0.417 1.498 + 0.445 0.0014
Right temporal pole: superior temporal gyrus 0.972 £ 0.399 1.539 +0.516 0.011

DOC, disorders of consciousness.

Differences of connectivity in thalamus
and whole-brain between wake and DOC

groups

Based on the thalamus

and whole-brain functional

connectivity, there were statistically significant differences
between wake and DOC groups (Alphasim corrected,
P < 0.05). The findings are presented in Figure 3. The
brain regions of decreased functional connectivity in
the wake group are the frontal lobe, temporal lobe,
parietal lobe, occipital lobe, limbic system, cerebellum,
and brain stem. Detailed characteristics are provided in
Table 3.
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Features of functional connectivity
between each region of interest pair

The 26 regions of interest were selected, according to
the above comparison results of the wake and DOC groups
(Figure 4A). Compared with the wake group (Figure 4B), the
DOC group (Figure4C) had a higher Pearson’s correlation
coefficients (R-values) between each region of interest pair.
The difference between groups was statistically significant (FDR
corrected, P < 0.05) (Figure 4D). The visualization findings
indicated that, compared with the wake group, the strength
of functional connectivity between some regions of interest
pairs (28.99%) in the DOC group was similar (Figure 4E),
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while many regions of interest (71.01%) were enhanced
(Figure 4F).

Quantitative analysis of regions of
interest in wake and DOC groups

Z-values of regions of interest were extracted for quantitative
comparison between wake and DOC groups. Twenty-six
regions of interest were obtained from the comparison results
between the wake and DOC groups. The findings of the
quantitative analysis are presented in Table 4. Statistically
significant differences were found between both groups
(P < 0.05).

The prognostic assessment ability of the
indicators

The ROC curve analysis was applied to assess the prognostic
power of 26 regions of interest and GCS by comparing the
area under the curve (AUC) for each ROC. The results of
AUC are presented in Figure 5. The prognostic discriminative
power of the 26 regions of interest fluctuated between 0.721
and 0.933. Among them, the right postcentral gyrus has the
strongest prognostic prediction ability for DOC patients (AUC
= 0.933) and Brodmann Area 6 has the weakest power to assess
the prognosis of patients with DOC (AUC = 0.721). In addition,
the performance of GCS in the prognostic assessment of DOC
patients was modest (AUC = 0.827).

Robustness analysis

The AAL template was used and we aimed to divide
the whole-brain into 116 regions of interest. The Z-values
for functional connectivity of these regions of interest were
extracted. Then, the 6-month prognosis of DOC patients
was differentiated based on the Z-values. The results of the
prognostic assessment were performed as for Figure 6. There
were five brain regions that could effectively classify (AUC
ranging 0.740 from to 0.865) the 6-month prognosis of patients
with DOC. The findings are moderately robust (not only do
brain regions overlap but also AUC values are similar).

Discussion

In this study, resting-state brain network findings, based
on sTBI patients suffering from DOC, indicated that functional
connectivity of the bilateral thalamus to the whole-brain
was disrupted in DOC patients. In addition, the functional
connectivity between the bilateral thalamus and the whole-brain
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of the DOC group was different compared with the wake group,
and the differences in functional connectivity were associated
with prognosis.

Survivors after sTBI may develop DOC, such as vegetative
state/unresponsive arousal syndrome or minimally conscious
state. Our findings found that the functional connectivity of
the thalamus to midbrain, cerebellum, insula, basal ganglia
area, frontal lobe, temporal lobe, superior parietal lobule,
inferior parietal lobule, limbic lobe, precuneus, cingulate gyrus,
paracentral lobule, and occipital lobe was reduced in DOC
patients compared with healthy controls. Similar to our results,
previous studies showed that thalamic structural integrity and
the thalamic-cortical networks were disrupted in DOC (23, 24).

The complex structure of the thalamus determines its
functional richness. The thalamus as a relay station plays
a critical role in consciousness (23, 24). The thalamus can
be divided into a specific projection and a non-specific
projection system according to the different types of fiber-
endings projecting to the cerebral cortex from various
parts of the thalamus and their differences in distribution.
The non-specific projection system is closely related to the
brainstem reticular system (25). Within the brainstem, neurons
of the reticular formation stimulate cortical activation by
exciting the widespread projecting neurons of the non-specific
thalamocortical projection system (25). Therefore, its main
function is to transmit and distribute the upward activation
effect originating from the reticular system of the brainstem
to almost all cortical areas, maintaining and regulating the
excitatory state of the cerebral cortex (influencing the overall
level of cortical arousal) (6). Moreover, the formation of
consciousness relies on the synergy of multiple parallel systems
(6). Once the parallel system is disrupted or interrupted, it may
lead to DOC (6, 26).

The cortical network of the consciousness system is very
extensive, and mainly includes bilateral cerebral hemispheres,
especially the lateral frontal, anterior insula, lateral parietal
(adjacent temporo-occipital cortex), medial frontal, medial
parietal (precuneus) lobes, anterior lobe, and cingulate cortex
(6). Therefore, once trauma involves cortical areas or non-
specific projection systems, DOC may appear. Furthermore, due
to the devastating violence and widespread spread of violence,
the patient’s cortical consciousness system was easily disrupted.
This may explain the extremely high incidence of DOC in
sTBI patients.

Ascending excitatory projections from the thalamus,
basal forebrain, and brainstem reticular activating systems
(subcortical system) play a serious role in normal cortical
excitation during the awake, conscious state (27). The
subcortical consciousness system is also not immune to the
effects of devastating violence. Evidence from Yu et al. (24) that
the microstructural integrity of the thalamus is a critical factor
in the generation of consciousness and axonal damage may be
the main cause of the disconnection between the thalamus and
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FIGURE 5
The prognostic assessment ability of the 26 regions of interest and GCS respectively for the outcome of DOC patients (AUC: area under the
curve).

the cortex. In addition, some additional subcortical structures
also play important roles in consciousness and alertness. The
superior colliculus and pretectal regions form a core circuit
with the pulvinar involved in directed attention (28). The
basal ganglia area is reciprocal connections with the thalamic
nucleus and this circuit may also be involved in arousal and
attention functions (29). In addition, the claustrum nucleus,
with extensive cortical connections, has been demonstrated
to play a significant role in the maintenance of consciousness
and attention (6). The cerebellum is interconnected with the
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prefrontal cortex to participate in attention and consciousness
(30). The results of our study also confirm this, although this
finding is presently controversial.

The precuneus and posterior cingulate cortex as the
core components of the default mode network are involved
in consciousness, introspection, episodic memory, and self-
processing (31). A previous study based on diffusion magnetic
resonance imaging suggested that the connection between the
thalamus and pisteromedial cortex (precuneus and posterior
cingulate) white matter cellulose was disrupted in DOC patients
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Robustness analysis of prognosis prediction based on AAL template.

(31). This provides a rationale for our findings that structure
determines function. However, it should be pointed out that
the coupling of structure and function in the field of brain
science is not a one-to-one match. Although we are unable
to reveal the mechanism of the coupling between brain
structure and function, we deeply realize that biophysical
and network communication models with optimized structure-
function coupling will be more conducive to explain the
above findings. Therefore, a scientific and rigorous circuit
brain network model of biophysical communication is urgently
needed in the DOC field.

Based on the above findings, we further analyzed the
network of the thalamus-to-whole-brain in patients with
different prognoses (wake group vs. DOC group) 6 months
after sTBI. As expected, the functional connectivity of the
thalamus to the whole-brain was abnormally increased in the
DOC group compared with the wake group. This may be related
to the disconnection between the thalamus and consciousness
system (the cortex and the cortical subconscious) in DOC
group patients. On the surface, the functional connectivity
of patients with DOC is enhanced and in essence, there is
no causal relationship between the both, but the local brain
activity of compensatory synchronicity self-enhanced between
the brain regions after the loss of connectivity (32). Disruption
of long-range structural connection (white matter cellulose or
neurotransmitter conduction) of the thalamus to the whole-
brain is considered a plausible explanation in the acute phase of
DOC (32). To clarify the above theory, we manually divided 26
regions of interest based on brain regions with peak differences
between wake and DOC groups, and performed functional
connectivity analysis of local and distant brain areas. The results
showed that most of the adjacent brain regions had enhanced
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functional connectivity. Although this is an exploratory analysis,
it further clarifies our findings. Therefore, it is necessary to
further perform long-range causal connectivity and white matter
cellulose tracing analysis about acute patients with sTBI in
future studies.

Functional connectivity between the thalamus and the
whole-brain may be applied as an imaging marker for the
prognosis assessment of DOC patients, and it could also be
used as an evaluation index for the remaining brain network
about latent consciousness function. Differences in neurological
outcomes (wake or persistent DOC) in patients with DOC may
be associated with their residual brain networks of consciousness
systems. Therefore, we cautiously believe that protecting and
remodeling the remaining brain consciousness network is the
key to improving the wake. Furthermore, the 26 regions
of interest defined according to the functional connectivity
differences (wake group vs. DOC group) had a similar or even
better wake representation ability than the admission GCS and
a supplementary analysis using an AAL also demonstrated
the robustness of the results of this study. Notably, brainstem
regions were not included in the AAL template. Thus, a
core template based on brainstem areas is urgently needed
in the DOC field, although this is moderately challenging.
The GCS score is a standardly used measure of neurological
status and prognosis (33). However, GCS scores are relatively
subjective and are greatly affected by external factors. If the
GCS is complemented with functional connectivity (relatively
objective and effectively reflect brain activity), their prognostic
assessment ability may be more stable and reliable. Based on
this protocol in future studies, it is potentially feasible to
introduce machine learning to identify the prognosis of sTBI-
type DOC patients.
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However, our study had several shortcomings. First, the
sample size in this study was small. Therefore, machine learning
and linear model for prognostic assessment are relatively
constrained. Second, DOC is just a general term for the
vegetative state, unresponsive arousal syndrome, minimally
conscious state, etc. This study failed to further differentiate
and compare them. Third, the age mismatch between healthy
controls and DOC patients, although adjusted for its effect, may
also have biased the results. Fourth, coupling the structural and
functional networks is an ideal protocol for in-depth exploration
of DOC mechanisms and performing prognostic assessments.
However, limited to the study protocol, we failed to make
further explorations.

Conclusion

The thalamus-based system of consciousness of sTBI
patients suffering from DOC is disrupted. There are differences
in the thalamus-to-whole-brain network between wake and
DOC groups. These differences may set the tone for the direction
of neurological outcomes in patients and have potential
prognostic characterization capability. Future studies with larger
sample sizes, ideal structure-function coupling protocol, and
machine learning model are needed to clarify mechanisms and
prognostic classification ability.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by Ethics Committee of Clinical Medical College of
Yangzhou University (2020KY-179). The patients/participants
provided their written informed consent to participate in
this study.

References

1. Bolte AC, Dutta AB, Hurt ME, Smirnov I, Kovacs MA, McKee CA, et al.
Meningeal lymphatic dysfunction exacerbates traumatic brain injury pathogenesis.
Nat Commun. (2020) 11:4524. doi: 10.1038/s41467-020-18113-4

2. Zhang K, Jiang W, Ma T, Wu H. Comparison of early and late decompressive
craniectomy on the long-term outcome in patients with moderate and severe
traumatic brain injury: a meta-analysis. Br ] Neurosurg. (2016) 30:251-7.
doi: 10.3109/02688697.2016.1139052

3. Liu X, Donnelly J, Czosnyka M, Aries MJH, Brady K, Cardim D, et al.
Cerebrovascular pressure reactivity monitoring using wavelet analysis in traumatic

Frontiersin Neurology

13

10.3389/fneur.2022.990686

Author contributions

Conception and design: LD, JZ, and XiaW. Data
collection: JZ, LD, and HYZ. Data analysis: JZ. Drafting:
JZ, HZZ, and FLY. Helping with drafting: EPZ, ZJY,
and YPL. Draft revision: YLP, MW, XinW, and XiaW.
All authors contributed to the article and approved the
submitted version.

Funding

This study was funded by the Jiangsu Province High-level
Health Talents Six Ones Project Top-notch Talent Research
Project (LGY2018031) and the Hospital Level Support
Projects (Fcjs202050).

Acknowledgments

We thank Frontiers in Neurology for providing such an
excellent academic exchange platform.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

brain injury patients: a retrospective study. PLoS Med. (2017) 14:¢1002348.
doi: 10.1371/journal.pmed.1002348

4. Ham TE, Bonnelle V, Hellyer P, Jilka S, Robertson IH, Leech R, et al. The
neural basis of impaired self-awareness after traumatic brain injury. Brain. (2014)
137:586-97. doi: 10.1093/brain/awt350

5 Wu X, Zou Q, Hu J, Tang W, Mao Y, Gao L, et al. Intrinsic
functional connectivity patterns predict consciousness level and recovery
outcome in acquired brain injury. J Neurosci. (2015) 35:12932-46.
doi: 10.1523/J]NEUROSCI.0415-15.2015

frontiersin.org


https://doi.org/10.3389/fneur.2022.990686
https://doi.org/10.1038/s41467-020-18113-4
https://doi.org/10.3109/02688697.2016.1139052
https://doi.org/10.1371/journal.pmed.1002348
https://doi.org/10.1093/brain/awt350
https://doi.org/10.1523/JNEUROSCI.0415-15.2015
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Zhang et al.

6. Blumenfeld H. Chapter 1-Neuroanatomical Basis of Consciousness. Neurology
of Conciousness. New Haven, CT: Academic Press (2016).

7. Blumenfeld H. Impaired consciousness in epilepsy. Lancet Neurol. (2012)
11:814-26. doi: 10.1016/S1474-4422(12)70188-6

8. Achard S, Delon-Martin C, Vértes PE, Renard F, Schenck M, Schneider F, et al.
Hubs of brain functional networks are radically reorganized in comatose patients.
Proc Natl Acad Sci USA. (2012) 109:20608-13. doi: 10.1073/pnas.1208933109

9. Vanhaudenhuyse A, Noirhomme Q, Tshibanda L], Bruno MA, Boveroux P,
Schnakers C, et al. Default network connectivity reflects the level of consciousness
in non-communicative brain-damaged patients. Brain. (2010) 133:161-71.
doi: 10.1093/brain/awp313

10. Boly M, Tshibanda L, Vanhaudenhuyse A, Noirhomme Q, Schnakers C,
Ledoux D, et al. Functional connectivity in the sefault network during resting state
is preserved in a vegetative but not in a brain dead patient. Hum Brain Mapp. (2009)
30:2393-400. doi: 10.1002/hbm.20672

11. Marino S, Bonanno L, Giorgio A. Functional connectivity in disorders of
consciousness: methodological aspects and clinical relevance. Brain Imaging Behav.
(2016) 10:604-8. doi: 10.1007/s11682-015-9417-1

12. Maas AIR, Menon DK, Adelson PD, Andelic N, Bell MJ, Belli
A, et al. Traumatic brain injury: integrated approaches to improve
prevention, clinical care, and research. Lancet Neurol. (2017) 16:987-1048.
doi: 10.1016/S1474-4422(17)30371-X

13. Cooper DJ, Nichol AD, Bailey M, Bernard S, Cameron PA, Pili-Floury §,
et al. Effect of early sustained prophylactic hypothermia on neurologic outcomes
among patients with severe traumatic brain injury: the polar randomized clinical
trial. JAMA. (2018) 320:2211-20. doi: 10.1001/jama.2018.17075

14. Wilson JTL, Pettigrew LEL, Teasdale GM. Structured interviews for the
Glasgow outcome scale and the extended glasgow outcome scale: guidelines for
their use. ] Neurotrauma. (1998) 15:573-85. doi: 10.1089/neu.1998.15.573

15. Guo H, Liu R, Sun Z, Liu B, Xiang Y, Mao J, et al. Evaluation of
prognosis in patients with severe traumatic brain injury using resting-state
functional magnetic resonance imaging. World Neurosurg. (2019) 121:e630-9.
doi: 10.1016/j.wneu.2018.09.178

16. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O,
Delcroix N, et al. Automated anatomical labeling of activations in SPM using
a macroscopic anatomical parcellation of the MNI MRI single-subject brain.
Neuroimage. (2002) 15:273-89. doi: 10.1006/nimg.2001.0978

17. Johnen VM, Neubert FX, Buch ER, Verhagen L, O’Reilly JX, Mars RB, et al.
Causal manipulation of functional connectivity in a specific neural pathway during
behavior and at rest. Elife. (2015) 4:e04585. doi: 10.7554/eLife.04585

18. Fisher RA. Frequency distribution of the values of the correlation coefficient
in samples from an indefinitely large population. Biometrika. (1915) 10:507-21.
doi: 10.1093/biomet/10.4.507

19. Muschelli J, Nebel MB, Caffo BS, Barber AD, Pekar JJ, Mostofsky SH.
Reduction of motion-related artifacts in resting state fMRI using aCompCor.
Neuroimage. (2014) 96:22¢35. doi: 10.1016/j.neuroimage.2014.03.028

20. Lim SL, Cherry JB, Davis AM, Balakrishnan SN, Ha OR, Bruce JM, et al.
The child brain computes and utilizes internalized maternal choices. Nat Commun.
(2016) 24:11700. doi: 10.1038/ncomms11700

Frontiersin Neurology

14

10.3389/fneur.2022.990686

21. Warthen KG, Boyse-Peacor A, Jones KG, Sanford B, Love TM, Mickey BJ. Sex
differences in the human reward system: convergent behavioral, autonomic and
neural evidence. Soc Cogn Affect Neurosci. (2020) 15:789-801. doi: 10.1093/scan/ns
aal04

22. Lee SY, Kim H, Lee JY, Kim JH, Lee DY, Mook-Jung 1, et al. Effects of chronic
tinnitus on metabolic and structural changes in subjects with mild cognitive
impairment. Front Aging Neurosci. (2020) 12:594282. doi: 10.3389/fnagi.2020.5
94282

23. Yu Y, Zheng W, Tan X, Li X, Zhang X, Gao J, et al. Microstructural
profiles of thalamus and thalamocortical connectivity in patients with disorder of
consciousness. ] Neurosci Res. (2021) 99:3261-73. doi: 10.1002/jnr.24921

24. Annen ], Heine L, Ziegler E, Frasso G, Bahri M, Di Perri C,
et al. Function-structure connectivity in patients with severe brain injury as
measured by MRI-DWI and FDG-PET. Hum Brain Mapp. (2016) 37:3707-20.
doi: 10.1002/hbm.23269

25. Gutmann B, Mierau A, Hiilsdiinker T, Hildebrand C, Przyklenk A,
Hollmann W, et al. Effects of physical exercise on individual resting state
EEG alpha peak frequency. Neural Plast. (2015) 3:717312. doi: 10.1155/2015/7
17312

26. Zhang ], Zhang E, Yuan C, Zhang H, Wang X, Yan F
et al. Abnormal default mode network could be a potential
prognostic marker in patients with disorders of consciousness. Clin
Neurol  Neurosurg.  (2022)  218:107294. doi:  10.1016/j.clineuro.2022.1
07294

27. Englot DJ, Yang L, Hamid H, Danielson N, Bai X, Marfeo A, et al. Impaired
consciousness in temporal lobe seizures: role of cortical slow activity. Brain. (2010)
133:3764-77. doi: 10.1093/brain/awq316

28. Krauzlis RJ, Lovejoy LP, Zenon A.
visual  spatial attention. Annu  Rev  Neurosci.
doi: 10.1146/annurev-neuro-062012-170249

29. Dreher JC, Grafman J. The roles of the cerebellum and basal
ganglia in timing and error prediction. Eur ] Neurosci. (2002) 16:1609-19.
doi: 10.1046/j.1460-9568.2002.02212.x

Superior  colliculus  and
(2013)  36:165-82.

30. Baumann O, Mattingley JB. Effects of attention and perceptual uncertainty on
cerebellar activity during visual motion perception. Cerebellum. (2014) 13:46-54.
doi: 10.1007/s12311-013-0519-2

3. Cui Y, Song M, Lipnicki DM, Yang Y, Ye C, Fan 1L,
et al. Subdivisions of the posteromedial cortex in disorders of
consciousness. Neuroimage Clin. (2018) 20:260-6. doi: 10.1016/j.nicl.2018.
07.025

32. Palacios EM, Sala-Llonch R, Junque C, Roig T, Tormos JM, Bargallo N, et al.
Resting-state functional magnetic resonance imaging activity and connectivity and
cognitive outcome in traumatic brain injury. JAMA Neurol. (2013) 70:845-51.
doi: 10.1001/jamaneurol.2013.38

33. Majdan M, Steyerberg EW, Nieboer D, Mauritz W, Rusnak M, Lingsma
HF. Glasgow coma scale motor score and pupillary reaction to predict
six-month mortality in patients with traumatic brain injury: comparison
of field and admission assessment. ] Neurotrauma. (2015) 32:101-8.
doi: 10.1089/neu.2014.3438

frontiersin.org


https://doi.org/10.3389/fneur.2022.990686
https://doi.org/10.1016/S1474-4422(12)70188-6
https://doi.org/10.1073/pnas.1208933109
https://doi.org/10.1093/brain/awp313
https://doi.org/10.1002/hbm.20672
https://doi.org/10.1007/s11682-015-9417-1
https://doi.org/10.1016/S1474-4422(17)30371-X
https://doi.org/10.1001/jama.2018.17075
https://doi.org/10.1089/neu.1998.15.573
https://doi.org/10.1016/j.wneu.2018.09.178
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.7554/eLife.04585
https://doi.org/10.1093/biomet/10.4.507
https://doi.org/10.1016/j.neuroimage.2014.03.028
https://doi.org/10.1038/ncomms11700
https://doi.org/10.1093/scan/nsaa104
https://doi.org/10.3389/fnagi.2020.594282
https://doi.org/10.1002/jnr.24921
https://doi.org/10.1002/hbm.23269
https://doi.org/10.1155/2015/717312
https://doi.org/10.1016/j.clineuro.2022.107294
https://doi.org/10.1093/brain/awq316
https://doi.org/10.1146/annurev-neuro-062012-170249
https://doi.org/10.1046/j.1460-9568.2002.02212.x
https://doi.org/10.1007/s12311-013-0519-2
https://doi.org/10.1016/j.nicl.2018.07.025
https://doi.org/10.1001/jamaneurol.2013.38
https://doi.org/10.1089/neu.2014.3438~
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

