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Abstract

Background: Disorders of consciousness (DoCs) following traumatic brain injury (TBI), or cerebrovascular disease (CVD) are difficult
to prognose, as reliable biomarkers are lacking. Resting-state functional magnetic resonance imaging (fMRI) amplitude of low-frequency
amplitude (ALFF) may capture etiology-specific neural activity, but its prognostic value for spinal cord stimulation (SCS) outcomes
remains unknown. In this study we therefore investigated etiology-specific ALFF patterns in TBI- and CVD-induced DoCs and evaluated
their prognostic value for recovery after SCS. Methods: Resting-state fMRI data from patients with TBI (n = 16) and CVD (n = 15),
and healthy controls (n = 12), were analyzed. Whole-brain ALFF differences were also compared between the groups. Correlations
between ALFF and 6-month post-SCS Coma Recovery Scale-Revised (CRS-R) score improvements were assessed. Logistic regression
was used to identify consciousness recovery markers. Results: Compared with healthy controls, patients with TBI demonstrated a
significant increase in ALFF within the bilateral insula, thalamus, and brainstem (p < 0.05), suggesting compensatory neural hyperactivity
potentially involving glutamatergic pathways. Patients with CVD exhibited elevated ALFF in the contralateral sensorimotor cortex (p
< 0.05), indicating ipsilateral neural reorganization. Notably, the thalamic ALFF were strongly correlated with consciousness recovery,
as measured by improvements in CRS-R score at 6 months in both the TBI (1= 0.64, p = 0.0071) and CVD (r = 0.59, p = 0.02) groups.
Furthermore, logistic regression analysis identified increased ALFF in the anterior cingulate cortex-thalamic loop (odds ratio [OR] =
3.21, p < 0.05) as a potential cross-etiology biomarker for recovery following SCS. Conclusions: ALFF reveal distinct neuroplasticity
mechanisms, including compensatory activation in TBI and ipsilateral reorganization in CVD. Elevated anterior cingulate cortex (ACC)-
thalamic ALFF are a key cross-etiology biomarker for consciousness recovery to guide SCS target selection.

Keywords: resting-state functional MRI; amplitude of low-frequency fluctuations; disorder of consciousness; spinal cord stimulation;
neuroplasticity

1. Introduction three main factors: (i) motor deficits that hinder behav-
ioral expression [6], (ii) fluctuations in consciousness that
result in inconsistent assessment outcomes [7], and (iii) the
presence of covert awareness undetectable using behavioral
evaluations [8,9]. Therefore, the development of objec-

tive and quantitative neuromarkers is crucial for addressing

Disorders of consciousness (DoC) are a neurological
consequence of severe brain injury, encompassing unre-
sponsive wakefulness syndrome (UWS), minimally con-
scious state minus (MCS-), minimally conscious state plus
(MCS+), and emergence from the minimally conscious

state (EMCS). The pathological mechanisms underlying
DoC involve extensive damage to the cortical-thalamic—
brainstem networks [1—4]. In current clinical practice, di-
agnostic and prognostic evaluations primarily rely on be-
havioral scales such as the Coma Recovery Scale-Revised
(CRS-R). However, functional neuroimaging has revealed
behavioral misdiagnosis rates as high as 37% [5]. The lim-
itations of these subjective assessments are attributed to

these clinical challenges.

Resting-state functional magnetic resonance imaging
(rs-fMRI) is a noninvasive method to elucidate sponta-
neous neural activity via blood oxygen level-dependent
(BOLD) signals, offering a “neural window” for investigat-
ing the implicit networks associated with consciousness in
patients with DoC. The amplitude of low-frequency fluc-
tuation (ALFF), a fundamental metric of rs-fMRI, quanti-
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fies the energy of BOLD oscillations within the 0.01-0.1
Hz frequency range. This physiological measure reflects
the intensity of local neuronal metabolism, with increased
ALFF indicating neural hyperactivity or compensatory ac-
tivation and decreased ALFF suggesting functional inhi-
bition or structural damage [10]. Owing to its sensitiv-
ity to local microloops, ALFF is considered a more appro-
priate metric for assessing DoC in cases of heterogeneous
brain injury compared with network metrics such as func-
tional connectivity (FC) [11]. In patients with traumatic
brain injury (TBI), ALFF can reveal functional inhibition or
compensatory activation within midbrain—thalamus—cortex
loops, thereby reflecting neuronal overexcitation or reorga-
nization following injury [10]. Conversely, patients who
are comatose following resuscitation from cardiac arrest
show increased mean whole-brain ALFF values, particu-
larly in the left middle temporal and inferotemporal gyri.
These elevated values are strongly correlated with cerebral
oxygen saturation (SjvO2) (r = 0.910), thereby offering di-
rect quantification of the neurometabolic disturbances as-
sociated with hypoxic brain injury [12]. The sensitivity of
ALFF has been validated in disorders such as schizophre-
nia, which shows increased ALFF in the inferior frontal
gyrus and decreased ALFF in the cerebellum [13]. This
finding supports the use of this method to assess localized
microcircuits in various diseases. Research on the rehabili-
tation of motor function following brain injury suggests that
modified constraint-induced movement therapy (mCIMT)
promotes functional reorganization by modulating ALFF
values in the motor cortex and thalamus. Moreover, these
alterations are directly correlated with the degree of motor
recovery [14].

Etiology-specific patterns of neural activity may sig-
nificantly impact prognosis. TBI-induced DoC is char-
acterized by diffuse axonal injury (DAI), which disrupts
global brain connectivity, particularly affecting core nodes
such as the default mode network (DMN), executive con-
trol network, and bilateral anterior cingulate gyrus within
the salience networks [15,16]. In contrast, DoC resulting
from cerebrovascular disease (CVD), such as those caused
by basilar artery stroke, predominantly lead to damage to
the thalamic and brainstem nuclei, which are essential for
arousal regulation. This damage hinders the normal func-
tioning of these nuclei and facilitates arousal [17]. Disrup-
tion of the thalamocortical loops and the upstream reticular
activating system of the brainstem by these critical nuclei
results in impaired arousal function [17]. Although recov-
ery rates are higher in patients with TBI-induced DoC (38—
78% at 1 year) compared with those with CVD-induced
DoC (17%) [17,18], the neurofunctional basis for distin-
guishing this difference using rs-fMRI biomarkers remains
poorly understood.

Spinal cord stimulation (SCS) has demonstrated
promising clinical potential for the management of pa-
tients with DoC, particularly those with UWS and posttrau-

matic secondary severe DoC. SCS enhances consciousness
and facilitates neurological recovery [19-21]. Short-term
minimally invasive SCS (st-SCS) offers an improved bal-
ance between therapeutic efficacy and surgical risk, ensures
greater safety, and is deemed suitable for treating patients
with prolonged chronic DoC (pDOC) [22,23]. Mechanisti-
cally, SCS is hypothesized to modulate brain network activ-
ities such as enhancing cortical excitability and metabolic
levels. This modulation can induce immediate alterations in
electroencephalography (EEG) signals, which are closely
associated with clinical prognosis and significant changes
in cortical activity, as evidenced by combined transcranial
magnetic stimulation (TMS-EEG) study [24]. Furthermore,
high cervical SCS, including the “burst” stimulation mode,
further enhances patient consciousness and reduces spas-
ticity by modulating the brainstem—thalamus—cortex loop
[20,25]. In practical applications, the integration of near-
infrared spectroscopy (NIRS) with additional monitoring
techniques facilitates the optimization of postoperative pa-
rameters and evaluation of treatment efficacy, thereby of-
fering a crucial foundation for advancing personalized treat-
ment approaches for SCS [25].

The present study aimed to delineate the differences in
ALFF between patients with TBI and those with CVD us-
ing rs-fMRI. Additionally, this study sought to identify dis-
tinctive neural activity markers to predict recovery of con-
sciousness following SCS.

2. Materials and Methods
2.1 Ethics Statement and Patient Selection

This study was approved by the Ethics Committee of
Peking University International Hospital (2022-KY-0023-
01) and complied with the tenets of the Declaration of
Helsinki. All participants or their guardians provided writ-
ten informed consent for participation and publication.

This study enrolled 35 patients with DoC and 12
healthy controls from the Department of Neurosurgery at
Peking University International Hospital, all of whom un-
derwent rs-fMRI and clinical evaluation. Patients with DoC
were included if their illness lasted for >1 month, had no
history of certain neurological disorders, had not used ben-
zodiazepines 48 h before MRI, had no MRI contraindica-
tions, and had an intact cranial vault. Patients with in-
sufficient injury type, poor rs-fMRI data, magnetic reso-
nance imaging (MRI) contraindications, cranial defects, or
refusal to participate were excluded from the study. Follow-
ing the screening process, patients diagnosed with hypoxic-
ischemic encephalopathy were also excluded due to the
misalignment of this etiology with the study’s primary fo-
cus on traumatic and cerebrovascular causes. Additionally,
the sample size for a distinct hypoxic-ischemic group was
deemed inadequate to conduct a meaningful analysis. The
healthy control (HC) group included neurologically intact
individuals without brain abnormalities recruited from pa-
tients scheduled for spinal surgery for intraspinal lesions.
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Fig. 1. Participant flow chart. DoC, disorders of consciousness; MRI, magnetic resonance imaging; rs-fMRI, resting-state functional

MRI; HIE, hypoxic-ischemic encephalopathy; CRS-R, Coma Recovery Scale-revised; TBI, traumatic brain injury; CVD, cerebrovascular

disease; SCS, spinal cord stimulation.

The inclusion criteria were American Society of Anesthe-
siologists (ASA) classification I-1I, surgery for intraspinal
lesions, absence of neurologic disease, no sedation within
48 h before surgery, and no contraindications to MRI. The
exclusion criteria were severe cardiopulmonary disease, in-
complete MRI data, history of cranial surgery, contraindica-
tions to MRI, difficulty in airway management, and refusal
to participate in the study. The HC group comprised 12 pa-
tients with intradural lesions matched to the demographic
characteristics of the study group, who underwent the same
standardized rs-fMRI protocol.

Before the study, safety was ensured by checking vi-
tal signs, electrolyte levels, and blood counts according
to clinical guidelines. Abnormal vital signs included sys-
tolic blood pressure >180 or <90 mmHg, diastolic pressure
>110 or <60 mmHg, heart rate >100 or <50 bpm, oxy-
gen saturation <95%, or temperature >38 °C. Electrolyte
imbalances (e.g., sodium <135 or >145 mmol/L, potas-
sium <3.5 or >5.0 mmol/L) and abnormal blood counts
(e.g., hemoglobin <10 g/dL, platelets <100 x 103/uL)
were flagged. Patients with abnormal values were excluded
from scanning and were referred for further evaluation. Pa-
tients with DoC underwent tracheotomies, were off ventila-
tory support before the study, and received SCS to enhance
wakefulness. A board-certified neurosurgeon with exten-
sive experience with DoC evaluation conducted the CRS-R
assessments before and 6 months after surgery. To reduce
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bias, the rater was blinded to the patients’ ALFF and group
allocation (TBI vs. CVD) during both assessments. Fig. 1
illustrates the study flowchart.

2.2 8SCS Protocol

All enrolled patients underwent SCS. Under general
anesthesia, a four-contact electrode was surgically im-
planted into the epidural space with the tip positioned at the
midline of the C2—C4 segments of the cervical spinal cord.
Postoperatively, an external pulse generator was connected
to facilitate stimulation. The stimulation parameters were:
5/70 Hz frequency, 210 pus pulse width, and a stimulation
intensity adjusted to slightly below the sensory threshold,
typically 2—4 V [26]. Stimulation was administered in a
cyclic mode consisting of 5 min of stimulation, followed by
a 15-min rest interval. The total duration of daily stimula-
tion was 8 h, and the treatment was sustained for 3—4 weeks.
The efficacy of the intervention was evaluated weekly dur-
ing the treatment period using the CRS-R.

2.3 Data Acquisition

The technician positioned the patient in the supine
position on an MRI scanning bed. A foam pad was po-
sitioned within a coil to stabilize the patient’s head and
prevent movement. fMRI scanning was conducted using
a 3.0 T MRI scanner (Magnetom Verio, software version
syngo MR Dot; Siemens Healthineers, Munich, Germany)
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equipped with eight phase-sensitive coding head coils. The
parameters for structural imaging were as follows: repeti-
tion time (TR) = 2200 ms, echo time (TE) = 3.25 ms, in-
version time = 900 ms, flip angle (FA) = 9°, field of view
(FOV) =250 x 250 mm, and matrix size =256 x 256, with
192 slices and a slice thickness of 1.0 mm, without inter-
slice spacing. For functional imaging, a gradient-echo pla-
nar imaging (EPI) sequence was employed with TR = 2220
ms, TE = 30 ms, FA =90°, FOV =192 x 192 mm, and a
matrix size of 64 x 64. Functional images were acquired in
the same orientation as the structural images, with 32 time
points collected over a total duration of 540 s.

The data preprocessing involved converting the Dig-
ital Imaging and Communications in Medicine (DICOM)
format to the Neuroimaging Informatics Technology Ini-
tiative (NIFTI) format, which necessitated the exclusion
of the initial ten time-point signals to mitigate the influ-
ence of non-equilibrium magnetization effects. Addition-
ally, temporal alignment and head-motion correction were
performed, with the rejection criteria set at translations >3
mm and rotations >3°. The data were spatially normal-
ized to the standard Montreal Neurological Institute (MNI)
space using segmentation parameters, and voxel dimen-
sions were resampled to a resolution of 3 x 3 x 3 mm?.
Spatial smoothing was performed using a Gaussian kernel
with a full width at half-maximum (FWHM) of 4 mm. A
band-pass filter with a frequency range of 0.01-0.08 Hz
was employed for temporal filtering. Furthermore, the con-
founding effects of global signals, 24 head motion parame-
ters, cerebrospinal fluid, and white matter signals were re-
gressed using a linear regression approach. Global signal
regression (GSR) was implemented to address the poten-
tial confounding influences of non-neuronal signals, such as
global physiological noise and scanner drift. This method is
widely and effectively utilized in rs-fMRI research on DoC
to enhance the specificity of local neural activity estima-
tions, as global signal fluctuations tend to be particularly
prominent in this patient cohort [27].

2.4 ALFF Data Preprocessing

Initially introduced by Zang et al. [28] in 2007, ALFF
is a well-established metric for quantifying spontaneous
neural activity in rs-fMRI. This measure evaluates the to-
tal power within the typical low-frequency range (0.01-0.1
Hz) of the BOLD signal, thereby reflecting the intensity of
regional neuronal activity. Although subsequent modifica-
tions, such as fractional ALFF (fALFF) and percent am-
plitude of fluctuation (PerAF), have been developed to en-
hance signal specificity or normalization, the present study
used conventional ALFF because of its proven sensitivity in
detecting localized neural hyperactivity and compensatory
mechanisms in DoC [29,30]. This selection was consistent
with our objective of capturing broad-spectrum neural ac-
tivity alterations without potential confounders introduced
by ratio-based or normalized metrics.

2.5 Region of Interest (ROI) Analysis of the Anterior
Cingulate Cortex (ACC)-Thalamic Loop

To rigorously assess the involvement of the ACC-
thalamic loop in the recovery of consciousness, we defined
two regions of interest (ROIs). The ACC ROI was delin-
eated as Brodmann areas 24 and 32, centered at Montreal
Neurological Institute (MNI) coordinates (0, 42, 3), with a
spherical radius of 6 mm. The thalamic ROI was defined us-
ing a bilateral thalamic mask obtained from the Automated
Anatomical Labeling 3 (AAL3) atlas. For each participant,
mean ALFF values within these ROIs were extracted and
compared across groups (TBI, CVD, and HC) using one-
way analysis of variance (ANOVA) followed by post-hoc
t-tests. Additionally, correlation analyses were conducted
to examine the relationship between ACC-thalamic ALFF
and improvements in CRS-R scores.

2.6 Evaluation Criteria for Consciousness Improvement

The CRS-R assessed consciousness recovery progno-
sis in DoC patients. Improvement was defined as UWS pa-
tients advancing to MCS, MCS+, or EMCS, and MCS pa-
tients progressing to MCS+ or EMCS by the study’s end
(Table 1) [31].

2.7 Statistical Analyses

Data were analyzed using Statistical software (IBM
SPSS Statistics for Windows, version 26.0; IBM Corpora-
tion, Armonk, NY, USA). The Shapiro—Wilk test was used
to assess normality. Normally distributed data are reported
as mean £ SD and compared using z-tests, while non-
normally distributed data are shown as medians (interquar-
tile range [IQR]) and compared using the Mann—Whitney
U or Kruskal-Wallis H tests. Categorical data are presented
as frequencies (%) and were analyzed using chi-squared or
Fisher’s exact tests. Whole-brain ALFF comparisons be-
tween the TBI, CVD, and HC groups were conducted us-
ing a voxel-wise general linear model. To address the risk
of type I errors from multiple comparisons, statistical maps
were corrected using the false discovery rate (FDR) method
at p < 0.05. Only regions that passed this correction were
considered significant. For hypothesis-driven correlation
and regression analyses targeting specific regions such as
the thalamus, a two-sided significance level of p < 0.05 was
used. For whole-brain ALFF comparisons, Gaussian ran-
dom field (GRF) correction was applied at the cluster level
with a voxel-level threshold of p < 0.001 and a cluster-level
threshold of p < 0.05, to correct for multiple comparisons.

This may have limited the statistical power of our anal-
yses. A post-hoc power analysis for the primary correlation
findings (thalamic ALFF vs. CRS-R improvement) was
conducted using G*Power (version 3.1.9.7, Heinrich Heine
University, Diisseldorf, Germany). For the TBI group with
an observed correlation coefficient of r = 0.64 (o = 0.05,
two-tailed), the statistical power was 0.99. For the CVD
group with an observed correlation coefficient of r = 0.59,
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Table 1. CRS-R rating scale auditory.

Promotor/verbal function

Communication

Arousal

Consistent movement to command 4 Object recognition 5 _ Intelligible verbalization 3 _ Attention

Vocalization/oral movement 2 Non-functional: intentional 1 Eye-opening without stimulation 2

Visual Motor
Reproducible movement to command 3 Object localization: Reaching 4 Automatic motor response
Localization to sound 2 Pursuit eye movements 3 Object manipulation
Auditory startle 1 Fixation 2 Localization to noxious stimulation
None 0 Visual Startle 1 Flexion withdrawal
None 0 Abnormal posturing
None

5
4
3
2
1
0

s vics I B

The background colors in the table represent different levels of consciousness: white indicates UWS, light blue indicates MCS, and dark blue indicates EMCS. CRS-R, revised Coma Recovery Scale; UWS, unresponsive

wakefulness syndrome; MCS, minimally conscious state; EMCS, emergence from the minimally conscious state.

Oral reflexive movement

None

1
0

None

0 Eye-opening with stimulation
None

3

1
0
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Fig. 2. Comparison of increased ALFF values between the TBI and HC groups. The TBI group showed higher ALFF values than the

HC group in the Postcentral L, Calcarine R, Right Brainstem, Thalamus_R, Temporal Inf L, and Thalamus L, with elevated regions
marked in red (FDR-corrected, p < 0.05). ALFF, amplitude of low-frequency amplitude; HC, healthy control.

the power was 0.87. These results indicate that the primary
correlations were detected with sufficient power, despite
the modest sample sizes. However, for whole-brain voxel-
wise comparisons and subgroup analyses, the power may be
lower. Therefore, findings related to specific brain regions
other than the thalamus should be interpreted as preliminary
and require validation in larger cohorts.

Although the sample size for the logistic regression
analysis (n=31 for the TBI and CVD groups) was similar to
that of previous neuroimaging study [10], it was still small
for multivariate predictive modeling, potentially affecting
the generalizability and stability of the results and requiring
validation in larger, independent cohorts.

3. Results
3.1 Patient Demographics

Sex, age, disease duration, CRS-R score, and other
subsets did not differ significantly between the TBI and
CVD groups (p > 0.05). The HC group was also matched
with the TBI and CVD groups in terms of sex and age (p >
0.05) (Table 2).

3.2 Lesion Characteristics

Analysis of the structural images revealed distinct le-
sion patterns consistent with the etiology. All patients in
the TBI group exhibited neuroimaging features of diffuse

axonal injury with common involvement of the corpus cal-
losum (14/16, 87.5%), brainstem (9/16, 56.3%), and frontal
white matter (12/16, 75.0%). In the CVD group, the lesions
were primarily localized in the brainstem (10/15, 66.7%)
and thalamus (8/15, 53.3%) and resulted from basilar artery
occlusion or hemorrhage. Table 3 provides a detailed sum-
mary of the lesion locations. These structural differences
provide an anatomical basis for interpreting subsequent
ALFF alterations. This study used structural MRI to iden-
tify each patient’s dominant lesion hemisphere. In the CVD
group, patients had unilateral or mainly unilateral lesions,
defining the “lesion hemisphere” as the side with more dam-
age and the “contralateral hemisphere” as the less affected
side. For the TBI group, where injuries were mostly bi-
lateral, the “contralateral/ipsilateral” terms were not used,
instead, comparisons were made using whole-brain ALFF
maps.

3.3 Comparison of ALFF Values Between the TBI and HC
Groups

Following FDR correction (»p < 0.05), compared
with the HC group, the TBI cohort exhibited signifi-
cantly elevated ALFF values in the left postcentral (Post-
central L), right calcarine (Calcarine R), right brain-
stem (Right Brainstem), right thalamus (Thalamus R),
left inferior temporal gyrus (Temporal Inf L), and left
thalamus (Thalamus L) and significantly reduced val-
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Table 2. Demographic characteristics of the three patient groups.
Score TBI group (n=16) CVD group (n=15) HC group(n=12) p

Age (years) 49.94 4+ 10.87 47.87 + 6.35 50.75 £10.22  0.704
Sex M 6 (37.50%) 3 (20.00%) 5(41.67%) 0.502
F 10 (62.50%) 12 (80.00%) 12 (58.33%)
Disease course (months) 3(25,5) 5(3,6.5) 4(2.25,7.5) 0.648
Diagnosis Uws 11 (68.75%) 9 (60.00%) — 0.845
MCS- 5(31.25%) 5(33.33%) —
MCS+ 0 (0.00%) 1 (6.67%) —
CRS-R total scores (Preoperative) 7(7,8) 8 (6, 8) — 1.000
Audio 0 4 (25.00%) 2 (13.33%) — 0.654
1 12 (75.00%) 13 (86.67%) —
2 0(0.00%) 0 (0.00%) —
Visual 0 2 (12.50%) 7 (46.67%) — 0.233
1 5(31.25%) 2 (13.33%) —
2 6 (37.50%) 4 (24.67%) —
3 3 (18.75%) 2 (13.33%) —
Motor 1 3 (18.75%) 4 (26.67%) — 0.511
2 12 (75.00%) 8(53.33%) —
3 1 (6.25%) 1 (6.67%) —
5 0(0.00%) 2 (13.33%) —
CRS-R sub-item Oral motor/verbal function 0 0 (0.00%) 0 (0.00%) — 0.101
1 16 (100.00%) 12 (80.00%) —
2 0(0.00%) 3 (20.00%) —
Communication 0 16 (100.00%) 15 (100.00%) — 1.000
1 0 (0.00%) 0 (0.00%) —
2 0 (0.00%) 0 (0.00%) —
Arousal 0 1 (6.25%) 0 (0.00%) — 1.000
1 1 (6.25%) 1 (6.67%) —
2 14 (87.50%) 13 (93.33%) —

CVD, cerebrovascular disease; TBI, traumatic brain injury; HC, healthy control; M, male; F, female.

Fig. 3. Comparison of decreased ALFF values between the TBI and HC groups. Compared with the HC group, the TBI co-

hort demonstrated decreased ALFF values in several brain regions, including the Precuneus R, Cingulum_Ant L, Frontal Sup Orb L,
Occipital_Sup R, Frontal Sup R, Rectus R, Frontal Sup Orb R, Hippocampus R, and Frontal Sup Medial L. Blue indicates brain
regions with decreased values (FDR-corrected, p < 0.05).
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Fig. 4. Comparison of increased ALFF values between the CVD and HC groups. Compared with the HC group, the CVD co-

hort shows increased ALFF values in several brain regions, including Precentral L, Parietal Sup L, Frontal Sup R, Temporal Sup R,

Lingual R, Frontal Inf Oper L, Frontal Inf Oper L, and Middle Occipital Gyrus L. Regions exhibiting elevated ALFF values are

highlighted in red (FDR-corrected, p < 0.05).

Table 3. Summary of lesion locations in patients with TBI and CVD.

Lesion Location

TBI group (n = 16)

CVD group (n =15) P

Frontal lobe 12 (75.0%)

Temporal lobe 8 (50.0%)
Parietal lobe 7 (43.8%)
Occipital lobe 5(31.3%)
Corpus callosum 14 (87.5%)
Thalamus 6 (37.5%)
Brainstem 9 (56.3%)
Cerebellum 4 (25.0%)

2 (13.3%) 0.001
3 (20.0%) 0.086
1(6.7%) 0.020
0 (0.0%) 0.021
0 (0.0%) 0.000
8 (53.3%) 0.384
10 (66.7%) 0.558
2 (13.3%) 0.419

Data are presented as the number of patients (percentage). Patients often

presented with lesions at multiple locations.

ues in the right precuneus (Precuneus R), left anterior
cingulate cortex (Cingulum Ant L), left orbital superior
frontal gyrus (Frontal Sup Orb L), right superior occip-
ital gyrus (Occipital Sup_ R), right superior frontal gyrus
(Frontal Sup R), right gyrus rectus (Rectus R), right
frontal superior occipital gyrus (Frontal Sup Orb R), right
hippocampus (Hippocampus_R), and left medial prefrontal
cortex (Frontal Sup Medial L). All significant regions are
included in Table 4 and Figs. 2,3.

3.4 Comparison of ALFF Values Between the CVD and
HC Groups

After applying FDR correction with a signifi-
cance threshold of p < 0.05, compared with the HC
group, the CVD group demonstrated significantly in-
creased ALFF values in the left precentral gyrus (Pre-
central L), left superior parietal lobule (Parietal Sup L),
Frontal Sup R, right superior temporal gyrus (Tempo-
ral Sup R), right lingual gyrus (Lingual R), left infe-
rior frontal gyrus (Frontal Inf Oper L), and Middle Oc-
cipital Gyrus L regions and significant decreases in the
left rectus (Rectus L), Left Inferior Frontal Gyrus, Or-
bital Part (Frontal Inf Orb_L), right middle frontal gyrus

(Frontal Mid R), right insula (Insula_R), and Cingu-
lum Ant L, (Table 5, Figs. 4,5).

3.5 Changes in Consciousness State in Patients With DoC
6 Months Postoperatively

The CVD and TBI groups had similar preoperative
CRS-R scores (median = 7), which met the criteria for se-
vere chronic DoC. Four (12.9 %) patients transitioned from
MCS to EMCS. Six months postoperatively, consciousness
improved in 60% of patients with CVD and 43.75% of pa-
tients with TBI, with no significant difference (p = 0.479)
(Fig. 6A,B).

3.6 ALFF Alterations in the ACC-Thalamic Loop Across
Etiologies

We analyzed the alterations in the ALFF within the
predefined ACC-thalamic circuit, which is associated with
arousal and conscious processing. Relative to healthy con-
trols, both the TBI and CVD cohorts exhibited significantly
increased ALFF in the thalamic ROI (TBI: ¢ = 4.92, p <
0.001; CVD: t = 3.45, p = 0.002). Within the ACC ROI,
compared with the HC group, significantly increased ALFF
was observed in the TBI group (¢=3.78, p < 0.001), but not
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Fig. 5. Comparison of decreased ALFF values between the CVD and HC groups. Compared with the HC group, the CVD cohort
showed decreased ALFF values in several brain regions, including the Rectus_L, Frontal Inf Orb_L, Frontal Mid_R, Insula_R, and
Cingulum_Ant L. Blue indicates reduced brain regions (FDR-corrected, p < 0.05).

Table 4. Brain regions showing significant ALFF differences between the TBI and HC groups after FDR correction.

MNI space coordinates

ALFF value change Encephalic region X . S Voxel number  T-value of the extreme point
Postcentral L -33 -36 66 29 4.3281
Calcarine R 21 —48 6 27 5.4853
Right Brainstem 3 -3 -18 25 5.7182
Increase
Thalamus R 18 21 3 97 7.4219
Temporal Inf L -33  -13 24 33 7.7457
Thalamus L 0 -18 18 255 9.4179
Precuneus_R 0 —48 60 29 —9.0652
Cingulum_Ant L 0 48 3 162 —7.3782
Frontal Sup Orb_L -9 30 21 25 —7.0064
Occipital Sup R 21 -102 3 32 —6.5780
Decrease Frontal Sup R 21 63 6 20 -6.2167
Rectus_ R 9 18 27 21 —5.8942
Frontal Sup Orb R 15 54 -15 31 —4.9527
Hippocampus R 15 -3 -15 22 —4.4328
Frontal Sup_Medial L 0 57 33 66 —3.7859

ALFF, amplitude of low-frequency fluctuations; MNI, Montreal Neurological Institute; Postcentral L, left postcentral; Cal-
carine_R, right calcarine; Right Brainstem, right brainstem; Thalamus_R, right thalamus; Temporal Inf L, left inferior tem-
poral gyrus; Thalamus_L, left thalamus; Precuneus R, right precuneus; Cingulum_Ant L, left anterior cingulate cortex;
Frontal Sup_Orb_L, left orbital superior frontal gyrus; Occipital_Sup_R, right superior occipital gyrus; Frontal Sup_R, right
superior frontal gyrus; Rectus_R, right gyrus rectus; Frontal Sup_Orb_R, right frontal superior occipital gyrus; Hippocam-
pus_R, right hippocampus; Frontal Sup Medial L, left medial prefrontal cortex.

the CVD group (p =0.12). The combined ALFF values for 3.7 Comparison of Thalamic ALFF and CRS-R
the ACC-thalamic circuit (calculated as the mean of both ~ Correlation Between Patients With Enhanced
ROIs) were significantly increased in both patient groups ~ Comnsciousness and HCs

compared with the HC group (TBI: p < 0.001; CVD: p =
0.003), underscoring its relevance across etiologies. Spa-
tial representations of the differences in ALFF within the
ACC-thalamic circuit are shown in Fig. 7.

Correlation analysis revealed a significant positive
association between thalamic ALFF changes and CRS-R
score improvements in patients with TBI (r = 0.64, p =
0.0071) and CVD (r=0.59, p = 0.02), with a stronger asso-
ciation observed in the TB group. This finding suggests that
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Fig. 6. Consciousness assessment by etiology. (A) Preoperatively. (B) 6 months post-operatively. The horizontal axis indicates etiology,

and the vertical axis displays CRS-R scores.

Table 5. Brain regions with ALFF differences between the CVD and HC groups after FDR correction.

MNI space coordinates

ALFF value change Encephalic region X v = Voxel numbers T-value of the extreme point
Precentral L -39 0 63 33 3.4512
Parietal Sup L -18 —60 66 30 5.2701
Frontal Sup R 15 51 18 40 6.8753
Increase Temporal Sup R 60 -39 12 20 8.0236
Lingual R 24 -87 -12 23 8.7329
Frontal_Inf Oper_ L —45 12 21 20 9.2859
Middle Occipital Gyrus L 33 -84 -3 22 9.8528
Rectus_L —6 30 27 27 -9.2561
Frontal_Inf Orb_L -39 36 -9 28 —-8.3348
Decrease Frontal Mid R 39 42 36 21 —6.9327
Insula_R 27 24 0 65 —6.7462
Cingulum_Ant L -6 42 -3 37 —5.4783

Precentral L, left precentral gyrus; Parietal Sup L, left superior parietal lobule; Temporal Sup R, right superior temporal gyrus;

Lingual_R, right lingual gyrus; Frontal Inf Oper_ L, left inferior frontal gyrus; Rectus_L, left rectus; Left Inferior Frontal Gyrus,
Orbital Part (Frontal Inf Orb_L); Frontal Mid_R, right middle frontal gyrus; Insula_R, right insul.

thalamic ALFF alterations are positively associated with re-
covery of consciousness in both TBI and CVD, particularly
in patients with TBI (Fig. 8).

3.8 Correlations Between Post-operative CRS-R Sub-items
and Thalamic ALFF

In the TBI group, the thalamic ALFF showed the
strongest correlation with the arousal (r =0.78, p < 0.001),
followed by motor (r=0.69, p=0.003) and visual (r=0.62,
p=0.011) subitems. Audio, oral motor/verbal function, and
communication showed no significant correlations. In the
CVD group, the thalamic ALFF was most correlated with
motor function (r = 0.65, p = 0.008) and arousal (r = 0.58,
p = 0.022), with no significant associations with the vi-
sual, audio, oral motor/verbal function, or communication
subitems. The arousal and motor subitems were the only
dimensions that were consistently significantly correlated
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with thalamic ALFF across both etiologies. However, pa-
tients with TBI showed a stronger correlation with arousal,
compared with motor function in patients with CVD (Ta-
ble 6).

4. Discussion

This study employed ALFF analysis of rs-fMRI data
to investigate the neural mechanisms underlying conscious-
ness disorders with varying etiologies. By applying a rig-
orous statistical threshold to whole-brain comparisons, we
identified two distinct and robust neuroplasticity patterns
associated with traumatic and cerebrovascular origins.

In patients with TBI, the markedly elevated ALFF ob-
served in the bilateral insula, thalamus, and brainstem (re-
fer to Table 4 and Fig. 2) indicates a compensatory neural
hyperactivity. This extensive upregulation of local neural
activity is likely a mechanism to sustain arousal and fun-
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Fig. 8. Correlation between thalamic ALFF and CRS-R in two groups of patients with enhanced consciousness versus healthy
controls. The TBI group shows a strong positive correlation (r = 0.64, p = 0.0071), while the CVD group shows a moderate correlation (r
=0.59, p=0.02). This suggests that higher thalamic ALFF values are associated with better consciousness, with the TBI group showing

a stronger correlation, highlighting differences in the impact of thalamic function recovery on consciousness between the two conditions.
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Table 6. Correlations between thalamic ALFF and postoperative CRS-R sub-item improvements.

CRS-R Sub-item

TBI group (n = 16)

CVD group (n=15)

r P r p
Auditory 0.35 0.168 0.38 0.174
Visual 0.62 0.011 0.43 0.115
Motor 0.69 0.003 0.65 0.008
Oral 0.29 0.257 0.21 0.426
Motor/Verbal communication  0.08 0.752 0.15 0.589
Arousal 0.78 0.000 0.58 0.022

damental conscious processing amidst the widespread net-
work disruption resulting from diffuse axonal injury [32—
35]. The robust correlation between thalamic ALFF and
arousal improvements (r = 0.78, Table 6) further highlights
the functional significance of this compensatory mecha-
nism in the recovery process. In contrast, in patients with
CVD, the increased ALFF in the sensorimotor cortex con-
tralateral to the primary lesion side (Precentral L, Postcen-
tral L; see Table 5 and Fig. 4) illustrates the phenomenon
of functional reorganization in the unaffected hemisphere.
This observation aligns with the well-established concept
that the unaffected hemisphere undergoes reorganization to
compensate for focal subcortical lesions [36—38]. The sig-
nificant positive correlation between sensorimotor ALFF
and motor recovery (r = 0.52, p = 0.03) directly associates
this reorganization pattern with enhanced behavioral out-
comes, providing compelling evidence that functional mi-
gration to the intact hemisphere underlies motor recovery.
In patients with CVD, structural MRI showed that lesions
were not always on the left hemisphere. Of the 15 patients,
9 (60%) had primary lesions on the right side, mainly in the
right brainstem and thalamus, while 6 (40%) had them on
the left. The ’lesion hemisphere’ was defined as the one
with the most severe damage, assessed by two neuroradiol-
ogists using T1 and T2-weighted MRI, while the ’contralat-
eral hemisphere’ had minimal or no damage. Increased
ALFF in the Precentral L and Postcentral L regions was
linked to right-sided lesions, indicating functional reorgani-
zation in the left sensorimotor cortex. For left-sided lesions,
increased ALFF was found in the right sensorimotor cortex
(Precentral R, Postcentral R). However, these regions did
not achieve statistical significance after FDR correction (p
= (.08 for both), likely due to the smaller sample size of
this subgroup. This hemisphere-specific pattern substanti-
ates that the observed elevation in sensorimotor ALFF rep-
resents a generalized contralateral reorganization response
to focal subcortical lesions, rather than being specific to the
left hemisphere.

In the TBI group, significant hyperactivity in the bi-
lateral insula, thalamus, and brainstem may reflect com-
pensatory neural mechanisms previously linked to alter-
ations in glutamatergic neurotransmission in models of dif-
fuse axonal injury [39—42]. The insula is a synaptic net-
work hub, and its compensatory increase in ALFF may
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sustain basal arousal by facilitating the integration of in-
ternal sensory information with environmental cues [43—
45]. Both TBI and post-traumatic stress disorder (PTSD)
are associated with functional abnormalities in prefrontal-
subcortical emotion regulation circuits. Furthermore, glu-
cocorticoids released after acute-phase injury may over-
stimulate glutamatergic activity, particularly in these cir-
cuits [43]. This heightened neural activity could be asso-
ciated with sustained arousal, potentially involving gluta-
matergic pathways [46]. Additionally, disruption of gluta-
matergic signaling pathways can impair synaptic function
following TBI. Targeted interventions, such as glycyrrhizic
acid, berberine, and rhein (GBR)-gel, may help restore
these pathways and mitigate neurological deficits [47]. Ab-
normalities in insula-brainstem connectivity, such as dimin-
ished effective connectivity from the left cerebral tract to
the insula, further support the hypothesis that alterations
in activity may indicate functional compensatory mecha-
nisms [48]. Conversely, a concurrent increase in thalamus-
brainstem ALFF facilitates the reactivation of subcortical
arousal pathways. Abnormal thalamocortical communica-
tion is a pivotal factor in consciousness [49]. Experimental
investigations have demonstrated significantly weakened
(reduced effective connectivity) connectivity from the tha-
lamus, particularly the left thalamus, to the brainstem; how-
ever, heightened activity may offset this loss by augmenting
glutamatergic signaling [50]. In animal models, inhibiting
forebrain glutamatergic neuronal activity restores normal
functioning of the brainstem—thalamic pathway and miti-
gates arousal deficits [51].

Moreover, our ROI-based analysis identified the
ACC-thalamic loop as a region exhibiting consistently el-
evated ALFF across both TBI and CVD etiologies. This
finding is consistent with the established role of the ACC-
thalamic loop in integrating arousal and affective process-
ing, thereby supporting its potential utility as a cross-
etiology biomarker for predicting responses to SCS. In ad-
dition, the logistic regression model corroborated the asso-
ciation of a higher baseline ALFF within this loop with im-
proved recovery outcomes. The CVD cohort demonstrated
significantly increased ALFF within the Precentral L, Post-
central L, and Parietal Sup L on the side contralateral to
the lesion, consistent with previous reports [52—54], and
provide empirical support for the “ipsilateralized migration
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of neurological functions” hypothesis [53,54]. This hypoth-
esis proposes that the intact hemisphere compensates for
cerebrovascular lesion-induced impairments, such as those
resulting from basilar artery strokes, by assuming that the
thalamic and brainstem arousal function through compen-
satory reorganization. The underlying pathology of this
phenomenon is attributed to disruption of the thalamocorti-
cal loop [55—57] and the brainstem’s upstream reticular ac-
tivating system [17], both of which are essential for main-
taining arousal. Consequently, the sensorimotor network is
compelled to sustain its basal function through ipsilateral
reorganization.

The principal finding in this study was that increased
ALFF in the sensorimotor cortex was significantly posi-
tively correlated with enhanced motor-following behavior
after SCS (r = 0.52, p = 0.03). This observation suggests
that the recuperation of motor function in patients with
CVD depends on the compensatory reorganization capacity
of the intact hemisphere, thereby offering imaging evidence
supporting the neural mechanism underlying SCS therapy.
Although consciousness recovery rates were higher in the
CVD group (60%) than in the TBI group (60% vs. 43.75%)
at 6 months (Fig. 6B), the comparatively weaker correla-
tion between thalamic ALFF and CRS-R (r=0.70) suggests
that cortical reorganization, rather than thalamic reactiva-
tion, plays a more significant role in recovery in patients
with CVD.

Our findings demonstrated both convergent and diver-
gent patterns of ALFF between patients with TBI and CVD,
indicative of etiology-specific neuroplasticity mechanisms.
The persistent increase in thalamic ALFF observed in both
cohorts, along with its significant correlation with the re-
covery of consciousness, highlights the pivotal role of the
thalamus in the regulation of arousal and integrative func-
tions across different etiologies. This convergence implies
that thalamic hyperactivity may be a common compen-
satory mechanism to maintain consciousness despite var-
ious structural injuries. In contrast, variable alterations in
ALFF observed in other regions, such as increased activ-
ity in the insula and brainstem in TBI compared with con-
tralateral sensorimotor cortex reorganization in CVD, un-
derscore distinct pathophysiological mechanisms. In TBI,
diffuse axonal injury disrupts extensive neural networks,
leading to widespread compensatory glutamatergic activa-
tion in central hubs such as the insula and brainstem [58].
Conversely, in CVD, focal subcortical lesions (e.g., in the
thalamus or brainstem) prompt ipsilateral cortical reorga-
nization, particularly within sensorimotor regions, to com-
pensate for impaired arousal pathways [59]. These find-
ings indicate that while the thalamus functions as a univer-
sal hub for the recovery of consciousness, adaptive network
responses are contingent on the underlying etiology. TBI
involves diffuse compensatory activation, whereas CVD is
characterized by focal cortical reorganization.
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Correlation analysis of CRS-R sub-items and thala-
mic ALFF further refined the functional role of thalamic
activity in the recovery of consciousness. The consistent
association between thalamic ALFF and the arousal and
motor sub-items in both the TBI and CVD groups sug-
gests that the thalamus primarily modulates consciousness
dimensions linked to arousal maintenance and motor out-
put integration, two core components of conscious expres-
sion [60,61]. The stronger correlation with arousal in pa-
tients with TBI (r = 0.78 vs. r = 0.58 in CVD) may re-
flect the compensatory role of the thalamus in restoring
basal arousal, in which TBI-induced diffuse axonal injury
disrupts brainstem-thalamic arousal pathways [32,55]; el-
evated thalamic ALFF likely offsets this disruption by en-
hancing glutamatergic signaling [62,63], thereby improv-
ing arousal stability. In contrast, patients with CVD (with
focal thalamic/brainstem lesions) showed a stronger corre-
lation with motor function (r = 0.65 vs. r = 0.69 in TBI),
consistent with the “ipsilateral reorganization” hypothesis
suggesting that the thalamus may coordinate with the con-
tralateral sensorimotor cortex (as observed in the increased
ALFF in the CVD group) to facilitate motor recovery, a
key behavioral marker of conscious improvement [64,65].
The lack of significant correlations with communication or
oral motor/verbal function suggests that these higher-order
cognitive dimensions may depend on additional networks
(e.g., frontal-subcortical loops) rather than on isolated tha-
lamic activity, consistent with prior findings that complex
conscious behaviors require integrated cortical-thalamic—
brainstem connectivity [66—68].

This study has some limitations. For instance, the
modest sample sizes for the TBI (n = 16) and CVD (n =
15) groups limited the statistical power and increased the
risk of overfitting in the logistic regression model for pre-
dicting consciousness recovery. Additionally, the inter-
pretation of etiology-specific ALFF changes as compen-
satory mechanisms is correlative, and future studies with
voxel-based lesion-symptom mapping (VLSM) or diffusion
tensor imaging (DTI) are needed to potentially establish
causal links. Moreover, relying solely on ALFF without
multimodal functional connectivity may result in missing
network-level dynamics. In addition, the 3 mm voxel res-
olution and head motion threshold (>3 mm/°) could have
affected the detection of fine structures and data reliabil-
ity. Also, the lack of a control group and follow-up beyond
1 year makes it difficult to separate treatment effects from
natural recovery. When GSR was used, sensitivity anal-
yses without GSR could confirm robustness, as prior ev-
idence shows a limited impact on core ALFF patterns in
patients with DoC [69,70]. Finally, the ACC-thalamic loop
was defined using standard criteria; however, future stud-
ies could benefit from patient-specific connectivity map-
ping for greater precision. Larger multicenter studies are
required to validate and generalize these findings.
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5. Conclusions

The results of the current study identified distinct dif-
ferences in the ALFF characteristics between DoC result-
ing from TBI and CVD based on analysis of rs-fMRI scans.
Specifically, the TBI group showed compensatory activa-
tion in the insula and thalamus, whereas the CVD group
showed reorganization in the contralateral sensorimotor ar-
eas. Additionally, a high ALFF in the anterior cingulate
cortex-thalamic loop (>0.8, OR = 3.21) was initially iden-
tified as a possible biomarker for consciousness recovery
across different causes. However, these findings require
validation in larger studies.
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