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ABSTRACT

Background Deep brain stimulation (DBS) has been
preliminarily applied to treat patients with disorders of
consciousness (DoCs). The study aimed to determine
whether DBS was effective for treating patients with DoC
and identify factors related to patients’ outcomes.
Methods Data from 365 patients with DoCs who

were consecutively admitted from 15 July 2011 to 31
December 2021 were retrospectively analysed. Multivariate
regression and subgroup analysis were performed to
adjust for potential confounders. The primary outcome was
improvement in consciousness at 1 year.

Results An overall improvement in consciousness

at 1 year was achieved in 32.4% (12/37) of the DBS

group compared with 4.3% (14/328) of the conservative
group. After full adjustment, DBS significantly improved
consciousness at 1 year (adjusted OR 11.90, 95%

Cl 3.65-38.46, p<0.001). There was a significant
treatmentxfollow up interaction (H=14.99, p<0.001). DBS
had significantly better effects in patients with minimally
conscious state (MCS) compared with patients with
vegetative state/unresponsive wakefulness syndrome (p
for interaction <0.001). A nomogram based on age, state of
consciousness, pathogeny and duration of DoCs indicated
excellent predictive performance (c-index=0.882).
Conclusions DBS was associated with better outcomes
in patients with DoC, and the effect was likely to be
significantly greater in patients with MCS. DBS should be
cautiously evaluated by nomogram preoperatively, and
randomised controlled trials are still needed.

INTRODUCTION

Disorders of consciousness (DoCs) are
neuropsychiatric ~ disturbances in arousal
and awareness that are commonly caused by
trauma, stroke or anoxia."™® DoCs encom-
pass comas (unconscious), vegetative state/
unresponsive wakefulness syndrome (VS/
UWS; awake yet unresponsive) and minimally
conscious state (MCS; inconsistent but clearly
discernible behavioural evidence of self-
awareness or environmental awareness).!
Such conditions present challenges for clini-
cians, as the overall possibility of spontaneous
recovery is low.” 7 Efforts have been made to

," Yuanyuan Dang,” Xiaoyu Xia,* Xin Xu,* Xueling Chen,’

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Disorders of consciousness (DoCs) impose heavy
medical and economic burdens on families and soci-
ety. Deep brain stimulation (DBS) may be an effective
treatment for these patients.

WHAT THIS STUDY ADDS

= DBS significantly improved patient consciousness
at 1 year, and enhanced therapeutic effects were
found in patients with minimally conscious state.
We constructed a nomogram based on age, state
of consciousness, and pathogeny and duration of
DoCs; this nomogram showed excellent predictive
performance as a clinical tool.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= DBS is likely to be effective for treating DoCs and
should be cautiously evaluated by nomogram
preoperatively.

identify whether neuromodulation therapy
facilitates recovery; however, evidence is
limited.*®?

Deep brain stimulation (DBS), as a poten-
tial promising neuromodulatory technique,
involves implanting electrodes that can
electrically stimulate specific structures of
deep brain regions and modify abnormal
neural pathways; this treatment has been
widely applied for patients with Parkin-
son’s disease, epilepsy and other psychiatric
diseases.'”'? In 2007, Schiff et al reported
treating a patient with traumatic brain injury
with DBS of the central thalamic nuclei and
observed behavioural improvements."” Since
then, only seven studies of DBS including
46 patients with DoC have been published,
and the results are inconsistent due to small
sample sizes and missing control groups.'*™"
Thus, the existing data are limited, and the
factors that may influence the long-term
effects of DBS remain unclear. In this study,
we consecutively enrolled patients with DoCs
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who received DBS or conservative treatment in our
department and summarised the results of follow-ups.
Additionally, we analysed the factors related to the long-
term effects of DBS in patients with DoC and discussed
the potential basis for preoperative screening to provide
evidence for precision treatment options for patients
with DoCs.

MATERIALS AND METHODS

Study participants

We recruited 421 consecutive patients who were admitted
to the Departments of Disorders of Consciousness at the
People’s Liberation Army General Hospital and Beijing
Tiantan Hospital, Capital Medical University, from 15 July
2011 to 31 December 2021. The inclusion criteria were
as follows: patients who (1) were diagnosed with a DoC
according to their score on the JFK Coma Recovery Scale-
Revised (CRS-R)?; (2) had a duration of DoC >3 months;
and (3) family or surrogates provided written informed
consent. The exclusion criteria were as follows: patients
with (1) sudden DoCs caused by gradual deterioration of
neurological function or (2) progressive improvement
or deterioration of consciousness for more than four
consecutive weeks. After application of the inclusion and
exclusion criteria, 365 patients who underwent follow-up
were included. The patient recruitment flow chart is
shown in online supplemental figure S1. The treatment
options, possible risks of treatment and the nature of DBS
for DoCs were explained to each patient’s legal represent-
ative and/or close relatives, as these patients were unable
to understand or legally provide their consent. The
caregivers were offered an informed consent form that
followed the internationally adopted ethical standards for
the performance of clinical treatment and research (the
Declaration of Helsinki). Once their caregivers provided
written informed consent, the patients were enrolled in
the study.

Data collection and outcomes

Data on demographic characteristics, clinical features
and radiological examinations were extracted from the
electronic medical record system. Demographic charac-
teristics included age, sex, pathogeny and duration of
DoCs at admission. Clinical features included state of
consciousness. Radiological examinations include MRI,
electroencephalography (EEG), the mismatch negativity
(MMN) and CT. Outpatient follow-up was performed
6months and lyear after discharge, and patients’
Glasgow Outcome Scale (GOS) score, CRS-R score and
radiological examinations were recorded. Improvement
in consciousness was defined improvement of more than
3 points on the CRS-R; the primary outcome of the study
was improvement in consciousness at 1 year. Secondary
outcomes included improvement in consciousness at 6
months and emergence from unconsciousness, defined
as a GOS score >2 at 6 months and 1 year.

JFK CRS-R scores and follow-up

The CRS-R was used to assess the level of consciousness
of each patient. Scores on this scale may vary from 0 to
23, and six subscores are used to quantify auditory, visual,
motor and verbal functions as well as communication
and arousal. CRS-R scores at admission were obtained
through repeated assessments (minimum of five assess-
ments within 2 weeks) prior to DBS to avoid fluctuations
of consciousness. The scale was applied by trained profes-
sional raters, who recorded the highest of the scores as
the consciousness level at admission. CRS-R scores were
regularly determined at each follow-up, after surgery and
before discharge (once a week). During the COVID-19
pandemic, we scored patients through video calls to
collect follow-up data. We did the video assessment with
video software (PINS, China) under the supervision of a
certificated doctor. Patient port: JOINPINS (PINS) soft-
ware+patient program controller G702 (also 701 or 802);
doctor port: remote program system (PINS). Patients
with DoC are mostly in rehabilitation centres with bedside
doctors.

Neuroradiological and electrophysiological evaluation

MRI and resting-state functional MRI (fMRI) were
performed using a 3.0 T MRI scanner (HD750, GE,
USA) to evaluate brain atrophy and damage to critical
brain regions and to calculate brain network activation
and connectivity (https://github.com/realmsong504/
pDOC). Preoperative EEG data were collected from
all patients for at least 2 hours using an EEG recording
device (BrainAmp 64 MRplus, Brain Products, Germany);
subsequently, a trained senior clinician scored the EEG
data according to the Synek grading scale.

Surgical indications

The general indications for DBS surgery were as follows:
(1) no large-area skull defects, no skull repair or shunt
pump placement; (2) no major complications or contrain-
dications to surgery; and (3) structurally intact bilateral
thalamus. We also explored whether patients who were
highly recommended for DBS according to the criteria
had a better outcome than patients who were weakly
recommended after receiving DBS. Notably, these criteria
were not used to select among treatment options in these
patients. Therefore, patients who received DBS under-
went preoperative MRI, EEG and MMN wave examina-
tion as previously reported.”* Briefly, patients who met
more than two of the following criteria were considered
highly recommended: (1) focal brain damage <30%, (2)
probability of emergence from unconsciousness >30%
according to the prolonged DoC analysis tool,” (3) MMN
wave >1% and (4) Synek grade <3

DBS surgical approach and stimulation protocol

Regarding development of the preoperative plan, the
surgical path was designed to avoid the lateral ventricles.
Patients were mounted with a stereotactic instrument
base ring under general anaesthesia. Axial, coronal and
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sagittal Tl-weighted MRI sequences were performed
after the installation of the Leksell G head frame (Elekta,
Sweden), with a scan thickness of 2 mm. The electronic
atlas of thalamic nuclei in the assisted surgical planning
system is superimposed to improve the accuracy of intra-
operative positioning.

Further, all the T1-weighted MR images were processed
using the CIVET pipeline (https://www.bic.mni.mcgill.
ca/ServicesSoftware/CIVET), developed at the Montreal
Neurological Institute (MNI) for morphometric analyses
of human MR images.” First, the images were corrected
for non-uniformity artefacts using the N3 algorithms. The
individual structural MR images were then transformed
into the standardised MNI space using linear and non-
linear transformations by registering to a standard brain
imaging template (International Consortium for Brain
Mapping 152). Second, the CM/Pf nuclei extracted
from Morel’s histological thalamus atlas in the MNI
space were selected as region of interest (ROI) and regis-
tered to native T1 space by reversing the transformation
parameters.

As for the imaging features of the enrolled patients,
the length of the anterior commissure-posterior commis-
sure (AC-PC) line was (24.6 + 3.2) mm. The anatomical
coordinates of centre median-parafascicular (CM-Pf)
were: 7.8-9.7mm behind the midpoint of the AC-PC
line, 8.8-10.5mm from the AC-PC line (4.5-5.5mm
from the ventricular wall) and 0-1.5 mm downward from
the AC-PC plane. An electrode (3387, Medtronic, USA
or L302, PINS) was implanted into the CM-Pf complex.
During the operation, the microelectrodes recorded that
the discharge activity of the single cells in the CM-Pf was
significantly lower than that of the surrounding nuclei,
almost in a silent state, which can assist in judging the
location of the target. When making a preoperative
surgical plan, avoid the lateral ventricle when plan-
ning the path. The implantable pulse generator (IPG,
G102RZ) was placed at the midpoint of an imaginary line
between the subclavian and anterior axillary lines and the
middle sternal line. Postoperative CT or MRI scans were
performed to confirm the implantation location.

The IPGs were activated 7 days after surgery, when
the wound healed and the local oedema caused by the
puncture subsided. Periodic electrical stimulation was
administered to the brains of patients. The main source
of stimulation was monopolar with a frequency of 100 Hz,
120 ps and 1.0-4.0 V. Stimulation was provided contin-
uously from 08:00 to 20:00 hours with a 15 min on/off
cycle (15 mins on, 15 mins off).%

Statistical analysis

SPSS V.25 (IBM), Prism V.8 (GraphPad Software, USA)
and R V.4.2.1 (USA) were used for statistical analyses.
The normality of data distribution was evaluated using
the Kolmogorov-Smirnov test. For continuous variables,
normally distributed data are presented as the mean+SD
and compared using a t-test; non-normally distributed
data are presented as the median (IQR) and compared

using the Wilcoxon rank-sum test. The %* test was used
to compare categorical variables. Repeated measures data
that were not normally distributed were analysed using
the Scheirer-Ray-Hare test. A two-tailed p value <0.05 was
considered to indicate statistical significance.

RESULTS

Study population

We included 365 patients with DoCs who met the inclu-
sion criteria and underwent follow-up; 37 of these
patients (10.1%) received DBS. Patients with DoCs were
further categorised according to their state of conscious-
ness: 123 out of 365 (33.7%) patients were in an MCS
and 242 out of 365 patients (66.3%) were in a VS/UWS
(online supplemental table S1). In this cohort, 253
(69.3%) patients were male, and the median age was 49.0
(35.0-58.0) years. No significant differences in terms of
age (Wilcoxon rank-sum test, p=0.431) or sex (X2 test,
p=0.349) were observed between the DBS and conserva-
tive treatment groups. Regarding pathogeny, there were
136 trauma cases (37.3%), 164 stroke cases (44.9%) and
65 anoxia cases (17.8%); no significant difference was
found in terms of state of consciousness of these patients
(x® test, p=0.080). Regarding the duration of DoCs, the
DBS group had significantly more patients with shorter
durations (25, 67.6%) than the conservative treatment
group (40, 12.2%) (x* test, p<0.001). Regarding the prev-
alence of MCS, there were 13 (35.1%) patients with MCS
in the DBS group and 110 (33.5%) patients with MCS in
the conservative treatment group; this difference was not
significant (3 test, p=0.856).

Data from the 37 patients who received DBS were
further analysed according to demographic characteris-
tics and state of consciousness (online supplemental table
S$2). The median age in the DBS group was 35.0 (26.0-
48.5) years among patients with MCS and 49.5 (41.0-
59.8) years among patients with VS/UWS; thus, the ages
significantly differed () test, p=0.002). The sex distribu-
tion was not significantly different between the MCS and
VS/UWS subgroups (x° test, p=0.288). In the VS/UWS
subgroup, significantly more patients had DoC caused by
stroke (15, 62.5%) compared with that caused by trauma
(2, 8.3%) (x* test, p=0.025). The VS/UWS subgroup also
contained more patients with a 3-5months’ duration of
DoC (21, 87.5%) than the MCS subgroup (4, 30.8%, o
test, p=0.002). Regarding the recommendation criteria,
both subgroups contained eight patients who were highly
recommended for DBS; no significant group difference
was found ()” test, p=0.098).

Clinical characteristics of patients with DoC according to their
outcome

To determine whether DBS was an effective treatment for
patients with DoC, we firstaimed to determine the proportion
of patients who exhibited improvements in consciousness
according to changes in their CRS-R scores. After follow-up
for 1 year, 26 of the 365 overall patients (7.1%), regardless
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Table 1 Clinical characteristics of patients with DoC according to their outcome
Outcome
Variable Improved (n=26) Unchanged/died (n=339) P value
Age, years, median (IQR) 36.5 (26.0-55.5) 49.0 (36.0-58.0) 0.078
Sex (%) 0.992
Male 18 (69.2) 235 (69.3)
Female 8 (30.8) 104 (30.7)
State of consciousness (%) <0.001*
MCS 18 (69.2) 105 (31.0)
VS/UWS 8 (30.8) 234 (69.0)
Pathogeny (%) 0.375
Anoxia 2(7.7) 63 (18.6)
Stroke 13 (50.0) 151 (44.5)
Trauma 11 (42.3) 125 (36.9)
Duration at admission (%) 0.006*
3-5 months 8 (30.8) 57 (16.8)
6-11 months 8 (30.8) 49 (14.5)
>12 months 10 (38.5) 233 (68.7)
Treatment (%) <0.001*
DBS 12 (46.2) 25 (7.4)
Conservative 14 (53.8) 314 (92.6)

*P<0.05, significant difference.

DBS, deep brain stimulation; DoC, disorder of consciousness; MCS, minimally conscious state; VS/UWS, vegetative state/unresponsive

wakefulness syndrome.

of whether they received DBS or conservative treatment,
exhibited improvements in consciousness (table 1). While
the median age in the improved group was slightly younger
(36.5 (26.0-55.5)) than that in the unchanged group (49.0
(36.0-58.0)), this difference was not significant (Wilcoxon
rank-sum test, p=0.078), nor were there significant differ-
ences in the sex distribution (x* test, p=0.992). The improved
and unchanged groups did not differ in pathogeny () test,
p=0.375). Regarding state of consciousness, significantly more
patients were initially diagnosed with MCS in the improved
group (18, 69.2%) than in the unchanged group (105,
31.0%, ” test, p<0.001). We also found more patients with
durations of DoC greater than 12 months in the unchanged
group (233, 68.7%) than in the improved group (10, 38.5%,
x* test, p=0.006). In general, DBS appears to improve patient
outcomes: significantly more patients improved at 1 year if
they received DBS (32.4% (12/37) vs 4.3% (14/328), * test,
p<0.001), and when emergence from unconsciousness was
assessed by GOS scores, consistently more patients emerged
from unconsciousness if they received DBS () test, p<0.001).
In patients who received DBS, those who improved had a
significantly lower mean age (33.9+12.9 years) than those
who remained unchanged (50.3+10.3 years, independent
samples ttest, p<0.001), as shown in online supplemental
table S3. Ten (83.3%) patients were diagnosed with MCS in
the improved group and three (12.0%) were diagnosed with
MCS in the unchanged group; this difference was significant

(x* test, p<0.001). Significantly more patients exhibited DoC
induced by trauma (6, 50.0%) compared with anoxia (8.3%)
in the improved group ()” test, p=0.010). Additionally, signif-
icantly more patients were highly recommended for DBS
according to the criteria in the improved group (9, 75.0%)
compared with the unchanged group (7, 28.0%, %* test,
p=0.012). Notably, we did not find a significant difference in
the duration of DoCs between the improved and unchanged
groups, in contrast to findings in the whole sample () test,
p=0.286).

Furthermore, we examined the effect of the interaction
between state of consciousness (MCS vs VS/UWS) and
follow-up period (6 months vs 1 year) on improvement
in patients who received DBS (figure 1). We observed a
statistically significant difference in the improvement in
consciousness between patients with MCS and VS/UWS
who underwent DBS (Scheirer-Ray-Hare test, H=5.86,
p=0.016). The treatment (DBS vs conservative) x followup
period interaction had a significant effect on the improve-
ment in consciousness (Scheirer-Ray-Hare test, H=6.31,
p=0.043). We also found a significant effect of the treat-
mentxfollowup interaction on the outcome differences
(Scheirer-Ray-Hare test, treatment, H=18.56, p<0.001;
follow-up, H=20.56, p<0.001; treatmentxfollowup inter-
action, H=14.99, p<0.001).
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ADM 6 12
months
Df Sum Sq H P value
group 1 5368 5.86 0.016
time 2 18326 20.00 <0.001
group:time 2 5781 6.31 0.043
Residuals 105 71354
Figure 1 Improvement in CRS-R scores over time in

DBS patients according to state of consciousness. CRS-R
scores gradually increased over time, with patients with
MCS exhibiting the fastest improvement. P<0.05 indicates

a significant difference. ADM, admission; CRS-

R, Coma

Recovery Scale-Revised; DBS, deep brain stimulation;
MCS, minimally conscious state; VS/UWS, vegetative state/

unresponsive wakefulness syndrome.

Analysis of primary and secondary outcomes

Regarding the primary outcome, after adjusting for age,
sex, state of consciousness, pathogeny and duration of
DoC, DBS was significantly associated with the improve-
ment in consciousness at 1 year (DBS: 12/37 (32.4%) vs

3

conservative treatment: 14/328 (4.3%); logistic analysis,
absolute difference: 10.75 (4.50 to 25.64); adjusted OR
(aOR): 11.90 (3.65-38.46), p<0.001; table 2).

Regarding the secondary outcomes, after full adjust-
ment in the multivariate regression, the significant asso-
ciation of DBS and improvement in consciousness at 6
months persisted (DBS: 5/37 (13.5%) vs conservative
treatment: 10/328 (3.0%); logistic analysis, absolute
difference: 4.98 (1.60 to 15.38); aOR: 4.48 (1.11-18.18),
p=0.036; table 2). DBS was significantly associated with
better GOS scores at 1 year (y° test, p<0.001) as well as
emergence from unconsciousness at 1 year (DBS: 14/37
(87.8%) vs conservative treatment: 44/328 (13.4%);
logistic analysis, absolute difference: 3.92 (1.88 to 8.20);
aOR: 6.62 (2.28-19.23), p=0.001). The results suggest
DBS is associated with better outcomes in patients with
DoC.

Subgroup analysis within patients who received DBS

After establishing that DBS led to improved overall
patients’ outcomes, we next investigated in whom would
particularly benefit from DBS. Subgroup analysis was
performed with the outcome of the improvement of
consciousness at 1 year (figure 2). The therapeutic effects
of DBS among subgroups of patients did not significantly
vary according to age (p for interaction=0.078), sex (p for
interaction=0.299), pathogeny (p for interaction=0.070)
or duration of DoCs (p for interaction=0.880). The ther-
apeutic effects of DBS significantly differed according to
state of consciousness (MCS: aOR=55.56 (10.31-333.33);
VS/UWS: aOR=6.76 (0.97-47.62); p value for interac-
tion: 0.033). Consistent with this finding, the GOS scores
()(2 test, p<0.001) and likelihood of emergence from

Table 2 Univariate and multivariate analyses of primary and secondary outcomes

DBS group Conservative Absolute difference Adjusted OR* (95%

Outcome (n=37) group (n=328) (95% CI) Cl) P value
Primary outcome
Improvement in consciousness 12/37 (32.4) 14/328 (4.3) 10.75 (4.50-25.64) 11.90 (3.65-38.46) <0.001
at 1 year, n/total (%)
Secondary outcomes
Improvement in consciousness 5/37 (13.5) 10/328 (3.0) 4.98 (1.60-15.38) 4.48 (1.11-18.18) 0.036
at 6 months, n/total (%)
GOS score at 1 year, n/total (%) <0.001

1 1/37 (0.0) 0/328 (0.0)

2 22/37 (59.5) 284/328 (86.6)

3 8/37 (21.6) 39/328 (11.9)

4 3/37 (8.1) 5/328 (1.5)

5 3/37 (8.1) 0 (0.0)
Emergence from 14/37 (37.8) 44/328 (13.4) 3.92 (1.88-8.20) 6.62 (2.28-19.23) 0.001

unconsciousness at 1 year, n/
total (%)

P values <0.05 indicate significant differences.

*Adjusted for patient age, sex, diagnosis, pathogeny and duration of disorders of consciousness (DoCs).
DBS, deep brain stimulation; GOS, Glasgow Outcome Scale.
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Underwent treatment No./Total No.

Adjusted odds ratio (95% CI)

Favor Favor

conservative DBS P for interaction

All patients 37/365
Age
<40years 14/126
>40 years 23/239
Sex
Male 23/253
Female 14/112
Pathogeny
Trauma 8/136
Non-trauma 29/229
Duration
<5 25/209
>6 12/156
Diagnosis
MCS 13/123
VS/UWS 24/242

13.07 (4.84 - 35.34) ———

55.56 (9.43 - 333.33) e 0078
524 (1.04 - 26.32) e ’
18.52 (5.62 - 58.82) — - 0299
5.75 (0.65 - 50.00) i N -

83.33 (9.52 - 1000.00) [ — 0070
1031 (2.51 - 41.67) — -
12.20 (3.05 - 50.00) e 0850
12.99 (2.79 - 333.33) P — ’

55.56 (10.31 - 333.33) e 0033
6.76 (0.97 - 47.62) R

0.1 1 10 100 1000

Adjusted odds ratio (95% CI)

Figure 2 Subgroup analysis for the improvement in consciousness at 1 year using multivariate regression analysis adjusted for
age, sex, pathogeny, duration of disorders of consciousness (DoCs) and state of consciousness. P<0.05 indicates a significant
difference. DBS, deep brain stimulation; MCS, minimally conscious state; VS/UWS, vegetative state/unresponsive wakefulness

syndrome.

unconsciousness (x° test, p<0.001) were significantly
better in patients with MCS than in patients with VS/
UWS in the DBS group (online supplemental table S4).

Analysis of related factors and nomogram of the therapeutic
effects of DBS

We further analysed the potential factors associated with
therapeutic effects of DBS in patients with DoCs; the
results are shown in table 3. After adjusting for all covar-
iates, state of consciousness was the only factor that was
significantly associated with the therapeutic effect of DBS

Table 3 Logistic analysis of factors related to improvement
in consciousness after DBS

Multivariate analysis

Variable OR (95% CI) P value
Age 0.893 (0.743-1.072) 0.224
Sex, female 0.232 (0.006-8.393) 0.425
State of 68.400 (1.460-3203.834) 0.031
consciousness,
MCS
Pathogeny
Anoxia * *
Stroke 16.988 (0.171-1683.366) 0.227
Trauma 29.939 (0.209-4287.686) 0.180
Duration of DoCs at 0.512 (0.041-6.313) 0.601
admission
Recommendation  0.104 (0.005-2.006) 0.134

criteria, highly
recommended

*P<0.05, significantly different.
DBS, deep brain stimulation; DoCs, disorders of consciousness;
MCS, minimally conscious state.

(MCS: 10/12 (83.3%) vs VS/UWS: 2/24 (8.3%); logistic
analysis, aOR: 68.400 (1.460-3203.834), p=0.031).

We also constructed a nomogram based on potential
related factors, including age, state of consciousness,
and pathogeny and duration of DoC. The nomogram
achieved a c-index of 0.882, which is shown in figure 3.
We also generated calibration curves for the nomogram,
which are shown in online supplemental figure S2. The
mean absolute error of the nomogram was 0.079. Then,
we performed the Hosmer-Lemeshow goodness-of-fit
test, which suggested that the model was well calibrated
(%2=5.435, p=0.710). The results suggest that the nomo-
gram has an excellent predictive performance.

Effect of DBS on CRS-R subscale scores

In general, DBS significantly improved scores on the
six subscales, namely audio (p=0.009), visual (p=0.004),
motor (p<0.001) and verbal functions (p=0.001), as well
as communication (p<0.001) and arousal (p<0.001)
(Wilcoxon rank-sum test, figure 4A). In patients with
MCS, similar results were found (table 4); significant
improvements were observed in the audio (p<0.001),
visual (p=0.005) and motor functions (p<0.001), as well as
communication (p<0.001) and arousal (p<0.001); there
was a small but significant difference in verbal function
scores (p=0.001) (Wilcoxon rank-sum test, figure 4B).
However, in patients with VS/UWS who received DBS,
only the subscales of communication (p=0.006) and
arousal (p=0.005) showed significant score improvement
(Wilcoxon rank-sum test).

DISCUSSION

In this study, we found an overall improvement in
consciousness at 1 year was achieved in 32.4% (12/37)
of the DBS group compared with 4.3% (14/328) of the
conservative group. DBS had significantly better effects
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Figure 3 Nomogram of long-term outcome in patients with disorders of consciousness (DoCs) receiving deep brain
stimulation (DBS). The pathogeny was classified as trauma or non-trauma (including stroke and anoxia). The therapeutic effect
indicates the possibility of improvement in consciousness after receiving DBS in patients with DoCs; this probability ranged
from 0 (unchanged/died) to 1 (effective). MCS, minimally conscious state; VS/UWS, vegetative state/unresponsive wakefulness

syndrome.

in patients with MCS compared with patients with VS/
UWS (p for interaction <0.001). We proposed the first
nomogram to predict the therapeutic effects of DBS,
and found that DBS was significantly associated with
better long-term patient outcome and may represent a
viable treatment option for patients with DoC, especially
patients with MCS, as all six CRS-R subscales exhibited
improvement after receiving DBS. To our knowledge, this

A

e DBS e=(Conservative
Audio
8

0.6

Awake 0 Visual

Communication Motor

Oral

study represents a novel comprehensive analysis of DBS
in patients with DoCs.

DoCs are states of altered arousal, ranging from coma
to unconsciousness, that occur after brain injury. Patients
with DoCs have received a wide array of pharmacolog-
ical and non-pharmacological treatments. To date, only
amantadine administration has demonstrated benefits in
a randomised placebo-controlled trial; this medication

B
MCS VS/UWS
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2
1.5
Awake Visual
|
Communication Motor
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Figure 4 Radar chart for improvement in Coma Recovery Scale-Revised (CRS-R) subscores. (A) Deep brain stimulation
(DBS) group and conservative group in overall patients. The blue line represents the DBS treatment group and the orange
line represents the conservative treatment group. (B) Patients with minimally conscious state (MCS) and vegetative state/
unresponsive wakefulness syndrome (VS/UWS) underwent DBS treatment. The blue line represents the MCS group and the

orange line represents the VS/UWS group.

374 Yang Y, et al. Stroke & Vascular Neurology 2023;8:6001998. doi:10.1136/svn-2022-001998

"yBuAdoo Aq paloalold 1sanb Aq GZoz ‘2 AelN UO w0 g uAs//:dny wolj papeojumoq "£20Z YR 2 U0 866 T00-2202-UAS/9STT 0T Se paysignd 11l :|oINaN 9SeA a4ons


http://svn.bmj.com/

Table 4 Improvement in CRS-R subscale scores of patients with MCS who received DBS
All DBS group Conservative group

Variable (n=123) (n=13) (n=110) P value

CRS-R subscale
Audio 0 (0-1) 2 (0-2.5) 0(-1to1) <0.001
Visual 0 (0-1) 2 (0-2) 0 (0-1) 0.005
Motor 0(-1to1) 2 (1-3.5) 0(-1to1) <0.001
Verbal 0 (0-0) 0 ( 0 (0-0) 0.001
Communication 0 (0-0) 1(0-1.5) 0 (0-0) <0.001
Arousal 0 (0-0) 1( 0 (0-0) <0.001

P<0.05, significantly different.

CRS-R, Coma Recovery Scale-Revised; DBS, deep brain stimulation; MCS, minimally conscious state.

is recommended in the 2018 DoC guidelines." * Since
the late 1960s, patients with severe brain injury have
been sporadically treated with DBS.”"* However, as the
concept of MCS had not yet been defined, some of the
cases may have been misdiagnosed. In 2007, Schiff et al
reported one patient with MCS who presented with coma
for 6 years after brain injury; this patient was successfully
awakened after DBS of the central thalamic nuclei. In
their study, a parameter of 100 Hz, 4.0 V was used for stim-
ulation, which is consistent with our study. Meanwhile,
Dang et al studied nine patients with MCS who received
100 Hz DBS treatment, and proved 100 Hz DBS improved
EEG functional connectivity and brain networks, indi-
cating that the long-term use of DBS could improve the
level of consciousness of patients with MCS. Therefore, we
used 100 Hz for stimulation. Aspects of consciousness are
based on two main components: wakefulness and aware-
ness. Wakefulness refers to the patient’s level of arousal
and is assessed by observing eye opening. Awareness is
related to subjective experiences and can be subdivided
into awareness of the external world (ie, perception of the
environment or ‘consciousness’) and ‘awareness’ of the
internal world (ie, stimulus-independent thoughts such
as mental imagery and inner speech or ‘self-awareness’**)
Behavioural changes refer to the behavioural manifesta-
tions of the external environment and self-response. In
2020, Neuron published a study in which the anaesthetised
macaques were stimulated, and a specific frequency (50
Hz) effectively restored wakefulness and wakefulness-
like nerve process. In 2022, Tasserie et al used anaes-
thesia to suppress the consciousness of non-human
primates. During anaesthesia, central thalamus stimula-
tion induced increasing fMRI activity in the prefrontal,
parietal and cingulate cortices.”® DBS restores two dimen-
sions of consciousness, arousal and access to conscious
content. Lemaire et al found that DBS improved visual
and auditory processes and led to an increase in medial
cortex activity.'” Magrassi et al found that DBS promoted
desynchronisation of the power spectrum of EEGs and
increased CRS-R scores.'” However, there is still a paucity
of literature on the use of DBS in patients with DoC. Due
to the ethical challenges of carrying out large, controlled

studies in patients with DoC, the identified studies have
been mostly limited to single-subject data and lack a sham
control group. Thus, more research to evaluate the effec-
tiveness of DBS for patients with DoC is urgently needed.
In the present study, we included patients who underwent
conservative treatment to compare its effects with that
of DBS; we suggest that DBS may facilitate the recovery
of patients with DoCs in a continuous manner. Notably,
we found that patients with MCS had significantly better
outcomes than patients with VS/UWS. Patients with
MCS can follow certain commands®® 37; therefore, global
connectivity and vital circuits are preserved in these
patients, providing a basis for subsequent functional
recovery through the application of DBS. This may
explain the superior outcome in patients with MCS, and
patients in VS/UWS should be more rigorously evaluated
either clinically or in future researches.

Regarding the underlying mechanisms of the effect of
DBS, the relevance of the mesencephalic reticular forma-
tion to alertness was confirmed in earlier studies that
stimulation of the mesencephalic reticular formation
induced arousal-like desynchronisation of the EEG.'” *
Moreover, a ‘mesocircuit’ model of forebrain dysfunction
has been proposed as a potential mechanism underlying
DoCs.” Neurons within the central thalamic nuclei regu-
late arousal in the forebrain and may play an important
role in forebrain dysfunction after brain injury. Damage
to the central thalamic nuclei often results in severe and
persistent loss of consciousness. Thus, DBS targeting
the central thalamic nuclei may compensate for a loss
of arousal regulation normally controlled by the frontal
lobe in the intact brain, and the excitatory output gener-
ated by DBS targeting the central thalamic nuclei may
normalise cortico-striatal-thalamo-cortical function in
patients with DoCs whose background synaptic activity
is chronically downregulated following brain injury.* *!
In the present study, the CM-Pf complex was selected as
the DBS target in all 37 patients with DoC. As the central
thalamic nuclei are approximately 7 mm in diameter
and centrally located in the thalamus, three-dimensional
brain map matching was used to select targets and guar-
antee the accuracy of electrode implantation, especially
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for patients with DoC with large changes in brain struc-
ture. The CM-Pf complex constitutes a major portion of
the intralaminar thalamus and provides strong connec-
tions to several subcortical structures.” ** Previous studies
have reported that the CM-Pf complex is a key structure
in motor, associative-limbic and integrative circuits at the
crossroads of the basal ganglia; Schiff captured its role by
proposing the key participation of the central thalamic
nuclei in arousal.***> Thus, the CM-Pf complex lies at the
intersection of motor function and arousal, making it an
ideal target for brain stimulation. The proper selection
and precise targeting of targets are key to the success of
DBS. The anatomical coordinates of targets can be clar-
ified by preoperative imaging, and the neural electro-
physiological signals can be recorded intraoperatively
by microelectrodes to clarify the target cells, ensuring
surgical precision. DBS in treating DoGCs differs from
tremor control, which requires continuous stimulation
to suppress abnormal movements. In terms of DoC treat-
ment, DBS mainly plays a role in maintaining nerve excit-
ability, and does not require continuous stimulation. On
the contrary, continuous stimulation will lead to fatigue
and decreased nerve excitability of patients, so we adopted
the strategy of intermittent stimulation. According to our
previous experience that based on several spinal cord
stimulation clinical studies, we believe that 15 min on and
15 min off is a very effective strategy.”’

We also compared the CRS-R and GOS before and after
the patients received DBS, and found that the behaviour
and consciousness level of the patients have improved
significantly. CRS-R is more detailed in the behavioural
improvement among patients with DoC, while GOS is a
more feasible score to assess whether the patient emerged
from unconsciousness, and the effect of DBS in patients
with DoC is consistent. This inconsistency in subscale
improvements highlights the need for more imaging
studies to investigate the effects of DBS in patients with
DoC and further clarify the underlying neural mecha-
nism rather than allowing regional injury to guide future
clinical directions.

In light of these mechanistic and clinical findings,
factors related to the outcomes of DBS can be discussed.
Nomogram is based on multifactor regression anal-
ysis, integrates multiple predictive indicators and then
uses scaled line segments to draw on the same plane
according to a certain ratio, so as to express the rela-
tionship between variables in the predictive model. The
nomogram transforms the complex regression equation
into a visual graph, making the results of the prediction
model more readable and convenient for patient evalu-
ation. It is precisely because of the intuitive and easy-to-
understand characteristics of the nomogram that it has
gradually received more and more attention and applica-
tion in medical research and clinical practice. Although
data are scarce, it is generally believed that patients with
MCS have less damage to neurocircuitry than patients
with VS/UWS, as their fMRI scans show more activated
areas and increased connectivity, and patients with MCS

have a better outcome. Of the 37 patients who received
DBS in this study, 12 exhibited significant improvement
after DBS, including two patients with VS/UWS and 10
patients with MCS. We explored whether the recommen-
dation criteria used in spinal cord stimulation of patients
with DoC* would also be feasible for DBS criteria;
however, no significant difference was found regarding
highly or weakly recommended patients for DBS. This
lack of difference may be because these two neuromod-
ulation techniques (spinal cord stimulation vs DBS) have
different neural mechanisms; the specific differences
merit further study in DoC patients.

The recovery of patients with DoC involves multiple
mechanisms that alter global neuronal function as well
as specific neural circuits."” According to our long-term
follow-up, the therapeutic effect gradually decreased
with increasing age, indicating that the high neuroplas-
ticity and metabolic activity observed in childhood might
decrease with age.*™™ Patients with DoC induced by
trauma had significantly better outcomes than patients
with DoC induced by other causes, which may be a result
of local deficits rather than the diffuse brain injuries
commonly observed in response anoxia that affect the
connectivity of the whole brain. Additionally, we found
that a longer duration of DoC was associated with worse
outcomes of DBS, suggesting that timely stimulation
may help rescue the remaining circuits. Moreover, we
constructed a nomogram that allows intuitive assessment
of the impact of these factors on the therapeutic effect.
The Hosmer-Lemeshow goodness-of-fit test revealed that
the model was well calibrated, and the c-index indicated
that these factors were excellent at predicting therapeutic
effects. Use of a preoperative screening tool is crucial
because patients with DoC and their families face clinical
dilemmas regarding treatment decisions. In the future,
adding more electrophysiological and imaging indicators
to the model facilitates identification of patients suitable
for DBS.

Limitations

This study is retrospective, and due to limitations in the
study design, it is difficult to fully exclude confounding
factors that may influence the therapeutic effect after
DBS. Overall, continuous significant improvement was
observed at different time points in patients who received
DBS, suggesting that the results are reliable. At the time of
inclusion, we only included patients with a disease course
of more than 3 months and no progressive increase in
consciousness for two consecutive weeks or more, so the
possibility of spontaneous recovery was strictly excluded.
In addition, we also performed neurophysiological test
(MMN and Synek) for patients receiving DBS treatment
and conservative treatment. Consistently, we found no
significant difference in neurophysiological tests between
DBS group and conservative group preoperatively, which
indicate that the residual consciousness before treat-
ment is similar. In this way, the selection bias was mini-
mised. However, we have carefully studied the existing

376 Yang Y, et al. Stroke & Vascular Neurology 2023;8:¢001998. doi:10.1136/svn-2022-001998

"yBuAdoo Aq paloalold 1sanb Aq GZoz ‘2 AelN UO w0 g uAs//:dny wolj papeojumoq "£20Z YR 2 U0 866 T00-2202-UAS/9STT 0T Se paysignd 11l :|oINaN 9SeA a4ons


http://svn.bmj.com/

literatures, and found that the existing stimulation param-
eters have great heterogeneity, which brings difficulty for
further systematic analysis. The effectiveness of DBS in
the treatment of DoCs urgently requires an international
multicentre well-designed prospective study, preferably a
randomised controlled study, which may help to further
clarify the effect of DBS in the treatment of DoCs. Subse-
quent studies should continue to increase the sample
size and explore the mechanisms underlying these DBS-
induced improvements.

CONCLUSION AND PROSPECTS

DBS was associated with improvements in conscious-
ness in this cohort analysis; therefore, it represents a
promising neuromodulation technique to promote the
improvement in consciousness in patients with DoC.
The DBS-induced improvements in patients with DoC
lasted for a long time, and the therapeutic effect was
significantly greater for patients with MCS than patients
with VS/UWS. For patients with MCS, the six subscales
of the CRS-R all exhibited improvement; in contrast, for
patients with VS, DBS mainly improved communication
and arousal. In conclusion, patients with DoC should be
carefully evaluated before selecting DBS as the treatment
option. Further closed-loop stimulation strategies may
promote recovery along with modern electrophysiolog-
ical and neuroimaging technologies.

Author affiliations

"Department of Neurosurgery, Beijing Tiantan Hospital, Capital Medical University,
Beijing, China

*Translational Medicine Center, Chinese Institute for Brain Research, Beijing, China
*Beijing Institute of Brain Disorders, Capital Medical University, Beijing, China
“Department of Neurosurgery, PLA General Hospital, Beijing, China

SAcademician Office, China National Clinical Research Center for Neurological
Diseases, Beijing, China

Acknowledgements The authors thank Xingyue Zhang for reviewing the statistical
analysis, which was essential to the successful completion of this study.

Contributors JH is responsible for the overall content. YY and JH designed the
study. YY and QH wrote the manuscript and performed the statistical analysis. XXi,
XXu, YD and XC collected the data. JZ reviewed the manuscript.

Funding This research was supported by the following funding sources:
the National Natural Science Foundation of China (81600919), Beijing
Municipal Science and Technology Commission (Z161100000516165 and
Z171100001017162) and Beijing Nova Program (2181100006218050).

Competing interests None declared.
Patient consent for publication Consent obtained from parent(s)/guardian(s).

Ethics approval This study involves human participants and was approved by the
Institutional Review Board (IRB) of Beijing Tiantan Hospital, Capital Medical University
(KY2017-361-01), and the Ethics Committee of PLA General Hospital (2011-024).
Participants gave informed consent to participate in the study before taking part.
Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request.

Supplemental material This content has been supplied by the author(s). It

has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have
been peer-reviewed. Any opinions or recommendations discussed are solely
those of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability
and responsibility arising from any reliance placed on the content. Where the
content includes any translated material, BMJ does not warrant the accuracy and
reliability of the translations (including but not limited to local regulations, clinical

guidelines, terminology, drug names and drug dosages), and is not responsible
for any error and/or omissions arising from translation and adaptation or
otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Qiheng He http://orcid.org/0000-0001-6715-298X

REFERENCES

1 Edlow BL, Claassen J, Schiff ND, et al. Recovery from disorders of
consciousness: mechanisms, prognosis and emerging therapies. Nat
Rev Neurol 2021;17:135-56.

2 Giacino JT, Fins JJ, Laureys S, et al. Disorders of consciousness
after acquired brain injury: the state of the science. Nat Rev Neurol
2014;10:99-114.

3 Thibaut A, Schiff N, Giacino J, et al. Therapeutic interventions in
patients with prolonged disorders of consciousness. Lancet Neurol
2019;18:600-14.

4 Giacino JT, Katz DI, Schiff ND, et al. Practice guideline update
recommendations summary: disorders of consciousness: report
of the Guideline development, Dissemination, and Implementation
Subcommittee of the American Academy of Neurology; the American
Congress of rehabilitation medicine; and the National Institute on
disability, independent living, and rehabilitation research. Neurology
2018;91:450-60.

5 He Q, Han B, Xia X, et al. Related factors and outcome of spinal cord
stimulation electrode deviation in disorders of consciousness. Front
Neurol 2022;13:947464.

6 Multi-Society Task Force on PVS. Medical aspects of the persistent
vegetative state (1). N Engl J Med 1994;330:1499-508.

7 Giacino JT, Ashwal S, Childs N, et al. The minimally conscious state:
definition and diagnostic criteria. Neurology 2002;58:349-53.

8 The permanent vegetative state. review by a working group
convened by the Royal College of physicians and endorsed by the
conference of medical Royal Colleges and their faculties of the
United Kingdom. J R Coll Physicians Lond 1996;30:119-21.

9 Xia X, Yang Y, Guo Y, et al. Current status of neuromodulatory
therapies for disorders of consciousness. Neurosci Bull
2018;34:615-25.

10 Guidetti M, Marceglia S, Loh A, et al. Clinical perspectives of
adaptive deep brain stimulation. Brain Stimul 2021;14:1238-47.

11 Krauss JK, Lipsman N, Aziz T, et al. Technology of deep brain
stimulation: current status and future directions. Nat Rev Neurol
2021;17:75-87.

12 Vetkas A, Fomenko A, Germann J, et al. Deep brain stimulation
targets in epilepsy: systematic review and meta-analysis of anterior
and centromedian thalamic nuclei and hippocampus. Epilepsia
2022;63:513-24.

13 Schiff ND, Giacino JT, Kalmar K, et al. Behavioural improvements
with thalamic stimulation after severe traumatic brain injury. Nature
2007;448:600-3.

14 Chudy D, Deletis V, Almahariq F, et al. Deep brain stimulation for the
early treatment of the minimally conscious state and vegetative state:
experience in 14 patients. J Neurosurg 2018;128:1189-98.

15 Yamamoto T, Katayama Y, Obuchi T, et al. Deep brain stimulation and
spinal cord stimulation for vegetative state and minimally conscious
state. World Neurosurg 2013;80:S30.

16 Woijtecki L, Petri D, Elben S, et al. Modulation of central thalamic
oscillations during emotional-cognitive processing in chronic disorder
of consciousness. Cortex 2014;60:94-102.

17 Magrassi L, Maggioni G, Pistarini C, et al. Results of a
prospective study (cats) on the effects of thalamic stimulation in
minimally conscious and vegetative state patients. J Neurosurg
2016;125:972-81.

18 Adams ZM, Forgacs PB, Conte MM, et al. Late and progressive
alterations of sleep dynamics following central thalamic deep brain
stimulation (CT-DBS) in chronic minimally conscious state. Clin
Neurophysiol 2016;127:3086-92.

19 Lemaire J-J, Sontheimer A, Pereira B, et al. Deep brain stimulation in
five patients with severe disorders of consciousness. Ann Clin Trans!/
Neurol 2018;5:1372-84.

Yang Y, et al. Stroke & Vascular Neurology 2023;8:¢001998. doi:10.1136/svn-2022-001998 377

"yBuAdoo Aq paloalold 1sanb Aq GZoz ‘2 AelN UO w0 g uAs//:dny wolj papeojumoq "£20Z YR 2 U0 866 T00-2202-UAS/9STT 0T Se paysignd 11l :|oINaN 9SeA a4ons


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-6715-298X
http://dx.doi.org/10.1038/s41582-020-00428-x
http://dx.doi.org/10.1038/s41582-020-00428-x
http://dx.doi.org/10.1038/nrneurol.2013.279
http://dx.doi.org/10.1016/S1474-4422(19)30031-6
http://dx.doi.org/10.1212/WNL.0000000000005926
http://dx.doi.org/10.3389/fneur.2022.947464
http://dx.doi.org/10.3389/fneur.2022.947464
http://dx.doi.org/10.1056/NEJM199405263302107
http://dx.doi.org/10.1212/wnl.58.3.349
http://dx.doi.org/8709056
http://dx.doi.org/10.1007/s12264-018-0244-4
http://dx.doi.org/10.1016/j.brs.2021.07.063
http://dx.doi.org/10.1038/s41582-020-00426-z
http://dx.doi.org/10.1111/epi.17157
http://dx.doi.org/10.1038/nature06041
http://dx.doi.org/10.3171/2016.10.JNS161071
http://dx.doi.org/10.1016/j.wneu.2012.04.010
http://dx.doi.org/10.1016/j.cortex.2014.09.007
http://dx.doi.org/10.3171/2015.7.JNS15700
http://dx.doi.org/10.1016/j.clinph.2016.06.028
http://dx.doi.org/10.1016/j.clinph.2016.06.028
http://dx.doi.org/10.1002/acn3.648
http://dx.doi.org/10.1002/acn3.648
http://svn.bmj.com/

20

Giacino JT, Kalmar K, Whyte J. The JFK coma recovery scale-
revised: measurement characteristics and diagnostic utility. Arch
Phys Med Rehabil 2004;85:2020-9.

36

37

Guger C, Prabhakaran V, Spataro R, et al. Editorial: breakthrough BCI
applications in medicine. Front Neurosci 2020;14:598247.
Hermann B, Stender J, Habert M-O, et al. Multimodal FDG-PET

21 Rosanova M, Fecchio M, Casarotto S, et al. Sleep-like cortical OFF- and EEG assessment improves diagnosis and prognostication of
periods disrupt causality and complexity in the brain of unresponsive disorders of consciousness. Neuroimage Clin 2021;30:102601.
wakefulness syndrome patients. Nat Commun 2018;9:4427. 38 Balkin TJ, Braun AR, Wesensten NJ, et al. The process of

22 Sergent C, Faugeras F, Rohaut B, et al. Multidimensional cognitive awakening: a PET study of regional brain activity patterns mediating
evaluation of patients with disorders of consciousness using EEG: a the re-establishment of alertness and consciousness. Brain
proof of concept study. Neuroimage Clin 2017;13:455-69. 2002;125:2308-19.

23 Daltrozzo J, Wioland N, Mutschler V, et al. Predicting coma and 39 Schiff ND. Recovery of consciousness after brain injury: a
other low responsive patients outcome using event-related brain mesocircuit hypothesis. Trends Neurosci 2010;33:1-9.
potentials: a meta-analysis. Clin Neurophysiol 2007;118:606-14. 40 Giacino J, Fins JJ, Machado A, et al. Central thalamic deep brain

24 GuiP, Jiang Y, Zang D, et al. Assessing the depth of language ) stimulation to promote recovery from chronic posttraumatic
processing in patients with disorders of consciousness. Nat Neurosci minimally conscious state: challenges and opportunities.
2020;23:761-70. o o Neuromodulation 2012;15:339-49.

25 Song M, Yang Y, He J, et al. Prognostication of chronic disorders 41 Shah SA, Schiff ND. Central thalamic deep brain stimulation for
OLConstc'9‘1?”635_‘;5'2312"?”é‘éq‘;gonal networks and clinical cognitive neuromodulation-a review of proposed mechanisms and
characteristics. Elife ;7e . ; LAt ) i 20.

' ’ i . . investigational studies. Eur J Neurosci 2010;32:1135-44.

26 Wijnen VJM, van Boxtel GJM, Eilander HJ, et al. Mismatch negativity 42 llyas A, Pizarro D, Romeo AK, et al. The centromedian nucleus:
predicts recovery from the vegetative state. Clin Neurophysiol anatomy, physiology, and clinical implications. J Clin Neurosci

27 §OO7E\1/$5%7_605' tically important EEG tterns in diff 2019,63:1-7.

ynet d t rognoi ically Imhp(l) anth' - CO(TTt paJ gl;nsluw : uze ol 43 Krauss JK, Pohle T, Weigel R, et al. Deep brain stimulation of the
?ggg'_g_?&_;iuma Ic encephalopatnies In adults. in Neurophysio gentrg me(iijie;\r;-parla,f\ellscicular c’gmp;]ex in ggtci)zntz ng rgovement
e . i . isorders. eurol Neurosurg Psychiatry ;72:546-8.

28 Krauth A, Blanc R, Povs-:-da A, etlal. A mean three d'lmens[onal atlas 44 Sadikot AF, Rymar VV. The primate centromedian-parafascicular
of the human thalamus: generation from multiple histological data. lex: ical g ith dulati
Neuroimage 2010;49:2053-62. gonjp;x. a1Br1aI;c;r;r)1(|)%a7gr$gglz;(t)|on with a note on neuromodulation.

) s . rain Res Bu ;78:122-30.

29 DangY, Wang Y, Xia X, et al. Deep brain stimulation improves . ’ - _— .
electroencephalogram functional connectivity of patients with 45 Schiff ND. Ce_ntral lthalam|c contrlbu_tlons to arousal regulation .
minimally conscious state. CNS Neurosci Ther 2023;29:344-53. ezlggsncil;;c;lc:%ga[lglsorders of consciousness. Ann N'Y Acad Sci

30 Giacino JT, Whyte J, Bagiella E, et al. Placebo-Controlled trial 3129195719 , ,
of amantadine for severe traumatic brain injury. N Engl J Med 46 Yang Y, He Q, Xia X, et al. Long-term functional prognosis and
2012:366:819-26. related factors of spinal cord stimulation in patients with disorders of

31 Tsubokawa T, Yamamoto T, Katayama VY, et al. Deep-Brain stimulation consciousness. CNS Neurosci Ther 2022;28:1249-58. L .
in a persistent vegetative state: follow-up results and criteria for 47 Posner JB, Saper CB, Schiff ND, et al. Plum and posners diagnosis
selection of candidates. Brain Inj 1990;4:315-27. and treatment of stupor and coma: plum and posner’s dlagnogls

32 Hassler R, Ore GD, Bricolo A, et al. Eeg and clinical arousal induced and treatment of stupor and coma. J Neurol Neurosurg Psychiatry
by bilateral long-term stimulation of pallidal systems in traumatic vigil 2019}7951 10. . - .
coma. Electroencephalogr Clin Neurophysiol 1969;27:689-90. 48 Ismail FY, Fatemi A, Johnston MV. Cerebral plasticity: windows

33 Moclardy T, Ervin F, Mark V, et al. Attempted inset-electrodes-arousal of opportunity in the developing brain. Eur J Paediatr Neurol
from traumatic coma: neuropathological findings. Trans Am Neurol 2017;21:23-48.

Assoc 1968;93:25-30. 49 Lindsgy HM, Wilde E_A, _Caeyenbe!'ghs K c_at_al. Longitudinal

34 Redinbaugh MJ, Phillips JM, Kambi NA, et al. Thalamus modulates neuroimaging in pediatric traumatic brain injury: current state
consciousness via layer-specific control of cortex. Neuron and consideration of factors that influence recovery. Front Neurol
2020;106:66-75. 2019;10:1296.

35 Tasserie J, Uhrig L, Sitt JD, et al. Deep brain stimulation of the 50 Killen MJ, Giorgi-Coll S, Helmy A, et al. Metabolism and
thalamus restores signatures of consciousness in a nonhuman inflammation: implications for traumatic brain injury therapeutics.
primate model. Sci Adv 2022;8:eabl5547. Expert Rev Neurother 2019;19:227-42.

378 Yang Y, et al. Stroke & Vascular Neurology 2023;8:¢001998. doi:10.1136/svn-2022-001998

"yBuAdoo Aq paloalold 1sanb Aq GZoz ‘2 AelN UO w0 g uAs//:dny wolj papeojumoq "£20Z YR 2 U0 866 T00-2202-UAS/9STT 0T Se paysignd 11l :|oINaN 9SeA a4ons


http://dx.doi.org/10.1016/j.apmr.2004.02.033
http://dx.doi.org/10.1016/j.apmr.2004.02.033
http://dx.doi.org/10.1038/s41467-018-06871-1
http://dx.doi.org/10.1016/j.nicl.2016.12.004
http://dx.doi.org/10.1016/j.clinph.2006.11.019
http://dx.doi.org/10.1038/s41593-020-0639-1
http://dx.doi.org/10.7554/eLife.36173
http://dx.doi.org/10.1016/j.clinph.2006.11.020
http://dx.doi.org/10.1097/00004691-198804000-00003
http://dx.doi.org/10.1016/j.neuroimage.2009.10.042
http://dx.doi.org/10.1111/cns.14009
http://dx.doi.org/10.1056/NEJMoa1102609
http://dx.doi.org/10.3109/02699059009026185
http://dx.doi.org/10.1016/0013-4694(69)91313-3
http://dx.doi.org/10.1016/j.neuron.2020.01.005
http://dx.doi.org/10.1126/sciadv.abl5547
http://dx.doi.org/10.3389/fnins.2020.598247
http://dx.doi.org/10.1016/j.nicl.2021.102601
http://dx.doi.org/10.1093/brain/awf228
http://dx.doi.org/10.1016/j.tins.2009.11.002
http://dx.doi.org/10.1111/j.1525-1403.2012.00458.x
http://dx.doi.org/10.1111/j.1460-9568.2010.07420.x
http://dx.doi.org/10.1016/j.jocn.2019.01.050
http://dx.doi.org/10.1136/jnnp.72.4.546
http://dx.doi.org/10.1016/j.brainresbull.2008.09.016
http://dx.doi.org/10.1196/annals.1417.029
http://dx.doi.org/10.1111/cns.13870
http://dx.doi.org/10.1093/med/9780190208875.001.0001
http://dx.doi.org/10.1016/j.ejpn.2016.07.007
http://dx.doi.org/10.3389/fneur.2019.01296
http://dx.doi.org/10.1080/14737175.2019.1582332
http://svn.bmj.com/

	Long-­term functional outcomes improved with deep brain stimulation in patients with disorders of consciousness
	Abstract
	Introduction﻿﻿
	Materials and methods
	Study participants
	Data collection and outcomes
	JFK CRS-R scores and follow-up
	Neuroradiological and electrophysiological evaluation
	Surgical indications
	DBS surgical approach and stimulation protocol
	Statistical analysis

	Results
	Study population
	Clinical characteristics of patients with DoC according to their outcome
	Analysis of primary and secondary outcomes
	Subgroup analysis within patients who received DBS
	Analysis of related factors and nomogram of the therapeutic effects of DBS
	Effect of DBS on CRS-R subscale scores

	Discussion
	Limitations

	Conclusion and prospects
	References


