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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 su�ering from

disorders of consciousness (DOC) and to explore their potential prognostic

representation capacity.

Methods: The sTBI patients su�ering 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 di�erences 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 di�erent 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

coe�cients between each regions of interest pair in the awake group. (C) matrix of Pearson’s correlation coe�cients between each regions of

(Continued)
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FIGURE 4 (Continued)

interest pair in the DOC group. (D) di�erences 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± 0.346 1.632± 0.196 0.006

Left cerebellum crus1 0.473± 0.325 0.853± 0.449 0.036

Left brain stem 0.758± 0.397 1.312± 0.507 0.011

Right superior frontal gyrus, medial 0.496± 0.346 0.947± 0.423 0.015

Brodmann area 8 0.712± 0.266 1.371± 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± 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± 0.209 0.008

Brodmann area 34 0.934± 0.445 1.428± 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± 0.408 0.002

Right parahippocampal gyrus; 0.882± 0.372 1.441± 0.299 0.002

Brodmann area 4 0.553± 0.346 1.232± 0.422 0.001

Brodmann area 45 1.126± 0.426 1.722± 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± 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.

Di�erences 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.

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 (Figure 4C) 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),

Frontiers inNeurology 09 frontiersin.org

https://doi.org/10.3389/fneur.2022.990686
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Zhang et al. 10.3389/fneur.2022.990686

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

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, DOCmay 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

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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FIGURE 6

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

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 whitematter

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 differencesmay 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.
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