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Aim: When studying brain networks in patients with Disorders of Conscious-
ness (DoC), it is important to evaluate the structural integrity of networks in
addition to their functional activity. Here, we investigated whether structural
MRI, together with clinical variables, can be useful for diagnostic purposes and
whether a quantitative analysis is feasible in a group of chronic DoC patients.
Received: 29 November 2022; Revised: 28 Methods: We studied 109 chronic patients with DoC and emerged from DoC
December 2022; Accepted: 28 December with structural MRI: 65 in vegetative state/unresponsive wakefulness state (VS/
2022 UWS), 34 in minimally conscious state (MCS), and 10 with severe disability.
MRI data were analyzed through qualitative and quantitative approaches.
Results: The qualitative MRI analysis outperformed the quantitative one, which
resulted to be hardly feasible in chronic DoC patients. The results of the quali-
tative approach showed that the structural integrity of HighOrder networks,
altogether, had better diagnostic accuracy than LowOrder networks, particularly
*These authors contributed equally to this when the model included clinical variables (AUC = 0.83). Diagnostic differences
work. between VS/UWS and MCS were stronger in anoxic etiology than vascular and
traumatic etiology. MRI data of all LowOrder and HighOrder networks corre-
lated with the clinical score. The integrity of the left hemisphere was associated
with a better clinical status. Conclusions: Structural integrity of brain networks
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is sensitive to clinical severity. When patients are chronic, the qualitative analy-
sis of MRI data is indicated.

In the study of DoC, structural and functional MRI
provide unique information on both the characterization
of damaged tissue and residual brain activity. In particu-
lar, resting-state functional MRI (rs-fMRI) and the study

INTRODUCTION

Neuroimaging techniques have become a critical compo-
nent in the assessment of Disorders of Consciousness

(DoC). DoC refers to a spectrum of conditions ranging
from the coma, vegetative state/unresponsive wakefulness
state (VS/UWS) to a minimally conscious state (MCS),
caused by severe brain damage and presenting varying
degrees of chronicity.

of functional connectivity have provided valuable insights
for understanding levels of consciousness.' > Among the
brain networks, we differentiate between LowOrder net-
works - including the sensorimotor (SM), auditory
(AUD), and visual networks (lateral [LVIS] and medial
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[MVIS] visual) - and HighOrder networks - including the
default mode network (DMN), salience (SAL), dorsal
attention network (DAN), left and right fronto-parietal
network (L-FP, R-FP), and temporal network (TEMP).*”
Importantly, the 2020 European Academy of Neurology
guideline recognized the contribution of rs-fMRI in the
diagnostic process, recommending that if a structural
MRI exam is indicated, a rs-fMRI sequence is suggested
as part of a multimodal assessment.®’

Recently, also the structural integrity of brain networks
has been found to be important in distinguishing between
comatose patients with a good versus poor neurological
outcome after 6 months'® and between VS/UWS versus
MCS patients.”® In particular, the diagnostic accuracy of
DMN reached an area under the curve (AUC) = 0.72,°
whereas, the highest accuracy for LowOrder networks was
achieved by the visual networks with AUC = 0.66, when
only MRI was considered.” When MRI was combined
with clinical variables, namely etiology, disease duration,
and age, as occurs in clinical practice, accuracy improved
for all LowOrder networks (on average AUC = 0.71).°

When assessing structural integrity, methodological
considerations become critical due to the extent and
heterogeneity of lesions in DoC patients. A variety of
approaches have been used, broadly classified in quantita-
tive approaches, using automated or semi-automated
algorithms,'' " and qualitative approaches, based on neu-
roradiologists’ ratings.>®'*

The quantitative methods are user-independent, pro-
viding an unbiased measure, but are sensitive to MRI
artifacts or anatomical deformations that can determine
the exclusion of a potentially high number of patients (up
to 35%).'""> Conversely, qualitative methods are time-
consuming but have the advantage of being applicable to
all cases.

Another element to be considered in the characteriza-
tion of DoC is etiology. In fact, the damage determined
by the various etiologies'>'” can affect the integrity of
functional networks differently.®”!” For example, in vas-
cular injuries, the damage may be more localized along
branches of the anterior, middle, or posterior cerebral
arteries and the recognition of some networks can be
more challenging. In particular, it can be quite difficult to
distinguish the neuronal or vascular nature of functional
signals on the basis of their spatial pattern along opercu-
lar regions after hypertensive ischemic injury. By contrast,
in the anoxic patients the damage is typically more diffuse
and the spatial recognition of networks can be easier.”'®

One of the crucial points to be addressed in DoC
remains how structural integrity underlying the various
functional networks can contribute to diagnostic classifi-
cation. Indeed, the lack of integration between structural
damage and abnormal brain function in DoC has recently
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been highlighted as one of the key gaps that need to be
filled in the understanding of relevant mechanisms in
these patients.'”

This work aims to investigate the structural integrity
underlying HighOrder and LowOrder brain networks in
109 chronic patients with DoC and emerged from DoC
with different etiologies. The purpose is twofold: (1) to
assess whether the structural integrity of the networks,
both LowOrder and HighOrder, is useful for diagnostic
purposes also by integrating clinical variables (i.e. age,
disease duration, and etiology); (2) to assess whether a
quantitative analysis can provide more information than
a qualitative assessment (i.e. MRI rating) in this group of
chronic patients.

METHODS

Participants’ enrollment and assessment

A large sample of chronic adult patients with DoC and
emerged from DoC (N = 109), admitted to a 1-week pro-
gram of multidisciplinary assessment at the Coma
Research Center (CRC) of the Fondazione IRCCS Istituto
Neurologico “Carlo Besta”, Milan, Italy, was enrolled and
data were reported in previous studies.”®'>*’ Thus, the
study included 65 patients in VS/UWS, 34 in MCS, and
10 with severe disability (SD) emerged from MCS, as
assessed with the Coma Recovery Scale revised in Italian
(CRS-R)*""*%: each patient’s performance was indepen-
dently evaluated four times by experienced raters, with
the best performance observed determining the patient’s
final score. Patients were also assessed with the CRS-R-
Modified score (CRS-R MS).* Thirty-four healthy partic-
ipants (median age 39 years, range 17—66) with no history
of neurological deficits were recruited as controls. The
study was approved by the ethics committee of the “Carlo
Besta” Institute. Written informed consent was obtained
from the legally authorized representative of the patients
and healthy participants.

MRI data acquisition

MRI acquisition was performed on a 3 T MRI scanner
(Achieva TX; Philips Healthcare) equipped with a 32-
channel head coil and included sagittal 3D T1-weighted
(T1w) image (repetition time [TR] = 9.86 ms, echo time
[TE] = 4.59 ms, field of view [FOV] = 240 x 240 mm,
voxel size = 1 mm>, flip angle = 8°, 185 slices) and
rs-fMRI images (gradient echo-planar images: TR = 2.8 sec,
TE = 30 ms, flip angle = 70°, voxel size = 2.5 mm?,
matrix size = 90 x 95, 50 slices with 10% gap, ascending
order, 200 volumes, eyes open). Other additional
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sequences included 2D T2-weighted, 2D T2*-weighted,
FLAIR-weighted images. Sedation was never performed. A
qualitative and quantitative evaluation of the structural
integrity of brain networks was performed.

Identification of structural regions of brain
networks

Ten brain networks were considered, divided into 4 Low-
Order networks (SM, AUD, LVIS, and MVIS) and 6
HighOrder networks (DMN, SAL, L-FP, R-FP, DAN,
TEMP). To obtain a localization of the most reliable and
inclusive network areas, the network templates were derived
from a group independent component analysis performed
on rs-fMRI data of healthy participants as described in our
previous work® using Melodic (FSL tool)** (Fig. 1). The
network templates were obtained from healthy participants,
due to the high heterogeneity of extension and degree of
damage in DoC patients.

MRI rating

For each node of the LowOrder and HighOrder networks,
anatomical corresponding areas were identified in each
patient (Table S1).

Two independent expert neuroradiologists, blinded to
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corresponding to the selected network nodes, according
to a 4-point scale ranging from 0 to 4 (0 = extremely
abnormal, i.e., parenchyma obliterated and/or pervasive
hyperintensity; 1 = recognizable but distorted morphology
and/or severe signal abnormality; 2 = moderate anatomical
damage and/or signal abnormality; 3 = mild anatomical
damage and/or signal abnormality; 4 = normal), as previ-
ously reported.”®'® They evaluated T1w and the additional
sequences of the MRI protocol. The two neuroradiologists
were expert of rs-fMRI networks and were already familiar
with the network nodes.

In cases of large disagreement, ratings were reconsid-
ered; finally, the scores of raters were averaged for each
node. Inter-rater agreement using intraclass correlation
coefficient was P = 0.77, indicating high reliability.*’

Quantitative MRI (qMRI) - Gray matter
analysis

To obtain a quantification of gray matter for each node
of each network, Tlw images were analyzed using
SPM12%® and in-house code running under MATLAB.”
For each patient, gray matter probability map, obtained
from segmentation of T1w image, was subsequently nor-
malized to the Montreal Neurological Institute (MNI)
space.”® Due to extended brain damage, the probabilistic

patient information, assessed the severity of gross gray matter map was thresholded in the range 0.3-0.75
anatomical and signal abnormalities in anatomical regions by two independent expert operators. When the
Sensorimotor Auditory Lateral visual Medial visual
(sm) (AUD) (LVIS) (MVIS)
sma
LowOrder
Networks

H-St g
iof

Default mode left
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Figure 1. Templates of LowOrder and HighOrder brain networks. The binary mask of each brain network is overlaid on the T1w image of a MCS
patient. Abbreviations: AUD, auditory network; DAN, dorsal attention network; DMN, default mode network; L-FP, R-FP, left and right fronto-
parietal network; LVIS, lateral visual network; MVIS, medial visual network; SAL, salience network; SM, sensorimotor network; TEMP, temporal

network. The names of the nodes are reported in Table S1.
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probabilistic gray matter map was either overestimated or
underestimated compared to the Tlw image, the patient
was excluded. The thresholded gray matter map was
intersected with templates of HighOrder and LowOrder
networks and the gray matter volume for each node of
the template was extracted. Each node was visually evalu-
ated by the two operators to determine if the estimation
was accurate (Fig. 2).

Statistical analyses

Statistical analyses were performed using R software ver-
sion 4.0.3.%°

To test VS/UWS vs. MCS differences in MRI rating for
each node of each network, the Mann—Whitney U test
was used and P-values were false discovery rate (FDR)
corrected for multiple comparisons. To test lateralization,
the sum of the MRI rating of the nodes in each network
per side was applied.

To test the correlation between MRI rating of each net-
work and clinical data, (i.e., CRS-R total score, CRS-R

Structural integrity in Disorder of Consciousness

MS, disease duration) and the correlation between MRI
rating of LowOrder networks and the corresponding
CRS-subscale scores (SM for motor, AUD for auditory
and LVIS and MVIS for visual function subscales), Spear-
man p correlation was used.

Multivariate logistic regression was performed to assess
the ability to classify VS/UWS vs MCS patients. The follow-
ing 4 “imaging” models were created, separately for MRI
rating and gray matter analysis, using nodes as variables:
(1) single network, (2) LowOrder networks, (3) HighOrder
networks, and (4) the 10 networks together. Moreover,
clinical variables (etiology, disease duration, and age) were
considered alone in a “clinical” model and also added in
each of the previous models to create “imaging + clinical”
data models. The Least Absolute Shrinkage and Selection
Operator (LASSO) was used to consider the best explana-
tory variables. The LASSO method was chosen for its ability
to remove non-relevant variables, reduce collinearity and
for its less sensitivity to random errors.”® Leave-one-out
cross-validation (LOOCV) was employed to internally
validate the selected model. Balanced accuracy (Bal ACCU)

Sensorimotor
(SM)

Auditory
(AUD)

Medial visual
(MVIS)

Lateral visual
(LVIS)

Successful segmentation

LowOrder Networks

Figure 2. Probabilistic gray matter maps of LowOrder networks which have been thresholded in two VS/UWS patients. Abbreviations: AUD,
auditory network; SM, sensorimotor network; LVIS, lateral visual network; MVIS, medial visual network. First row: patient whose segmentation
was successful in all network nodes. Second row: patient whose segmentation failed in all network nodes.
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obtained after leave-one-out cross-validation was calculated
as a measure of diagnostic capability.

For each model, the sensitivity, the specificity, and the
AUC, with corresponding 95% confidence interval using
the bootstrap method with 2000 stratified replicates, were
obtained. Following the STARD guidelines,” false positive
and false negative patients were also identified, and diag-
nostic accuracy was considered as very good for
0.8 < AUC <0.9, good for 0.7 < AUC < 0.8, sufficient for
0.6 < AUC <0.7, and bad for 0.5 < AUC <0.6. To com-
pare regression models, the number of misclassified
patients in each diagnostic category (VS/UWS and MCS)
was considered.

Table 1. Summary of demographic and clinical variables.

J. P. Medina et al.

Results

Participants

Analyses were conducted on 33 traumatic, 39 vascular
and 37 anoxic brain injury patients. The median disease
duration (i.e. time post-injury) was 27 months (range
2-252, >12 months for 82 cases), and the median age was
50 years. Table 1 presents demographic and clinical char-
acteristics and additional data of each patient are reported
in Table S2. Examples of Tlw image of VS/UWS and
MCS patients for traumatic, vascular and anoxic etiology
were reported in Figure 3.

Diagnostic class N Age, yr Sex, M/F Etiology T/V/A Disease Duration, mo CRS-R
VS/UWS 65 52 (23-79) 4718 18/17/30 26 (3-252) 6 (3-8)
MCS 34 46 (19-83) 12/22 12/17/5 39 (6-209) 10 (7-16)
SD 10 56 (36-67) 6/4 3/5/2 14 (2-41) 18 (14-22)
All patients 109 50 (19-83) 65/44 33/39/37 27 (2-252) 7 (3-22)

Etiology is reported as traumatic/vascular/anoxic (T/V/A). Age, disease duration (i.e. time post-injury), and CRS-R scores are given as median

(range).

F, female; M, male; MCS, minimally conscious state; mo, months; N, number of patients; SD, severe disability; VS/USW, vegetative state/

unresponsive wakefulness state; yr, years.

VS/UWS

Traumatic

Vascular

Anoxic

Figure 3. T1w images of VS/UWS and MCS patients with traumatic (48 and 82 months of disease duration, respectively), vascular (30 and
9 months of disease duration, respectively) and anoxic (16 and 209 months of disease duration, respectively) etiology. L, left; R, right.
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Quantitative MRI (gMRI) - Gray matter
analysis

By grouping patients with at least one correctly seg-
mented LowOrder network, the final sample size is 60
patients (55%), where only 21 cases (19%) had all Low-
Order networks segmented, as reported in Table 2 and
Figure 2. The gray matter analysis performed on LowOr-
der networks failed in almost half of the patients (45% of
cases) due to deformation of the patient’s anatomy as a
consequence of severe injuries and chronicity, and poor
image quality (e.g. motion artifacts), which further causes
issues in segmentation. Therefore, the qMRI analysis of
HighOrder networks was not performed.

The percentage of correctly segmented patients
increased with diagnosis (i.e., 40% VS/UWS, 71% MCS,
100% SD). Segmentation was successful in only 38% of
anoxic patients and in 61% and 67% of traumatic and
vascular patients, respectively. Reasons for segmentation
failure included deformation of the patient’s anatomy,
chronicity of the disease (which alters the anatomy of the
brain; see Fig. 3), poor image quality due to motion arti-
facts or valvular shunt systems, and low contrast between
gray and white matter. Among 50 patients with VS/UWS
and MCS, only 13 (5 VS/UWS, 8 MCS) had segmentation
that was eligible for all of the 4 LowOrder networks
(Table 2). No variable was considered significant to dif-
ferentiate VS/UWS from MCS by the LASSO method. For
the regression models with imaging and clinical variables,
only clinical variables remained significant.

MRI rating on the whole sample

As shown in Figure 4A, considering all networks, the level
of MRI rating generally reflected the severity of diagnosis,
with VS/UWS patients showing the lowest scores, fol-
lowed by MCS and SD. In LowOrder networks, the differ-
ence between VS/UWS and MCS patients, observed with
the Mann—Whitney U test, was significant for LVIS and
MVIS networks bilaterally, and for AUD and the sensori-
motor cortex of the SM network on the left side. In
HighOrder networks, the difference between VS/UWS
and MCS patients was significant for part of the DAN
bilaterally, and part of the DMN, FP, and TEMP net-
works on the left side.

Diagnostic accuracy of the MRI rating

As reported in Tables 3 and S3, in the regression models
of “Imaging” data of each network, at least one imaging
variable was always significant using LASSO. In particular,
LowOrder networks exhibited an AUC between 0.62 and
0.66 (Bal ACCU between 0.47 and 0.56), while, including

© 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Table 2. Results of the gray matter analysis (qMRI): the demographic and clinical variables of patients with at least one segmented network and corresponding percentages compared to the total

number of patients (reported in Table 1).
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AUD LVIS MVIS All LowOrder
(TAVIA) (TV/A)

(TV/A)

SM
(TAVIA)

Disease Duration,

Age, yr

N segmented patients /

(TVIA)

mo (T/V/A)

(T/VIA) Etiology, T/V/A

N of all patients (%)

Diagnostic class

5(1/2/2)
8 (2/4/2)
8 (3/4/1)

(5/7/4)
17 (5/8/4)
10 (3/5/2)

16

15 (5/7/3)
17 (6/8/3)
9 (3/4/2)

20 (7/6/7)
16 (4/7/5)
9 (3/4/1)

(4/7/5)

16

24 (25/25/21)
47 (55/41/44)

9/10/7
8/11/5
3/5/2

(50/62/49)
(41/59/47)

56 (57/60/51)
51 (47/59/49)

51

26/65 (40%)
24/34 (71%)

VS/UWS
MCS
SD

(6/6/3)
10 (3/5/2)

15

47

14 (19/9/14)
26 (24/47/14)

10/10 (100%)
60/109 (55%)

(13/20/10)

43

41 (14/20/7) 43 (13/20/10)

45 (14/17/14)

(13/18/10)

41

20/26/14

Total

Etiology is reported as traumatic/vascular/anoxic (T/V/A). Disease duration and age are given as median values.

AUD, auditory network; LVIS, lateral visual network; MCS, minimally conscious state; mo, months; MVIS, medial visual network; N, number of patients; SD, severe disability; SM, sensorimotor

network; VS/USW, vegetative state/unresponsive wakefulness state; yr, years.
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Figure 4. Panel A: MRI rating (median value) obtained for the different nodes of the LowOrder and HighOrder networks in the whole sample
(N = 109). Panel B: MRI rating (median value) grouped by etiology classes. *significant differences between VS/UWS and MCS according to the
Mann-Whitney U test (P < 0.05, false discovery rate correction applied). Abbreviations: AUD, auditory network; DAN, dorsal attention network;
DMN, default mode network; L-FP, R-FP, left and right fronto-parietal network; LVIS, lateral visual network; MVIS, medial visual network; SAL,
salience network; SM, sensorimotor network; TEMP, temporal network. The names of the nodes are reported in Table S1.
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Table 3. For the MRI rating, the diagnostic accuracy of “imaging”
and “imaging + clinical variables” models (multivariate logistic regres-
sions) for LowOrder and HighOrder networks. The analysis is per-
formed on the sample of 99 DoC patients (65 VS/UWS + 34 MCS).

MRI rating
Imaging Imaging + Clinical variables
Bal Bal Clinical
Model ACCU AUC ACCU AuUC variables
SM 0.56 0.64 0.61 073 3
AUD 0.47 0.62 0.61 0.70 3
LVIS 0.52 0.66 0.65 071 3
MVIS 0.55 0.66 0.64 071 3
All LowOrder 0.58 0.70 0.62 0.74 3
DMN 0.61 0.63 0.61 072 3
SAL 0.63 0.67 0.68 0.75 3
L-FP 0.60 0.64 0.61 073 3
R-FP 0.45 0.55 0.60 0.69 3
DAN 0.61 0.69 0.66 073 3
TEMP 0.51 0.62 0.58 071 3
All HighOrder 0.69 0.81 0.75 083 3
All LowOrder + All 0.77 0.83 0.75 0.83 3
HighOrder

The model with only clinical variables (etiology, disease duration and
age) (i.e. “clinical” model) had balanced accuracy = 0.64 and
AUC = 0.71.

AUC, area under the curve; AUD, auditory network; Bal ACCU,
balanced accuracy; DAN, dorsal attention network; DMN, default
mode network; L, left; L-FP, R-FP, left and right fronto-parietal
network; LVIS, lateral visual network; MVIS, medial visual network;
R, right; SAL, salience network; SM, sensorimotor network; TEMP,
temporal network.

all LowOrder networks, the LASSO method considered
only 3 imaging variables as significant, with an AUC of
0.70 (Bal ACCU = 0.58). Instead, HighOrder networks
exhibited an AUC between 0.55 and 0.69 (Bal ACCU
between 0.45 and 0.63) while including all HighOrder
networks, the LASSO method considered 7 variables as
significant with an AUC of 0.81 (Bal ACCU = 0.69). In
the regression models with “Imaging and Clinical” vari-
ables, the imaging data were confirmed useful: in LowOr-
der networks, AUC ranged from 0.70 to 0.73 (Bal ACCU
varied from 0.61 to 0.65), and including all LowOrder
networks, the AUC was 0.74 (BAL ACCU = 0.62). In
HighOrder networks, AUC ranged from 0.69 to 0.75 (Bal
ACCU varied from 0.58 to 0.68), and, including all High-
Order networks, the AUC was 0.83 (BAL ACCU = 0.75).
Similar results were achieved in regression models of
“Imaging” and “Imaging and Clinical” variables, using
both LowOrder and HighOrder networks: 10 imaging
variables were considered significant with an AUC of 0.83
(Bal ACCU of 0.77 and 0.75).

Structural integrity in Disorder of Consciousness

MRI rating in etiological class

The ability to distinguish VS/UWS from MCS in terms of
structural damage changed according to the etiological
class (Fig. 4B): the VS/UWS vs. MCS difference was
observed only in the anoxic class for both LowOrder and
HighOrder networks. Descriptively, for all nodes of the
LowOrder and HighOrder networks, in traumatic etiol-
ogy, the MRI rating of SD patients showed higher values
than VS/UWS and MCS patients, whereas, in the anoxic
etiology, the MRI rating of VS/UWS patients was lower
than the one of MCS and SD patients. In vascular
patients, the MRI rating among diagnostic classes is gen-
erally overlapped.

Correspondence between single networks
MRI rating and CRS-R subscales, CRS-R total
score, and disease duration on the whole
sample

As reported in Table 4, considering the whole sample
(VS/UWS, MCS, SD; N = 109), the MRI rating was sig-
nificantly correlated with the CRS-R total score for all
networks, both individually and jointly (LowOrder, High-
Order, LowOrder+HighOrder); instead, the MRI rating
correlated with CRS-r MS only for AUD, LVIS, MVIS,
and TEMP networks.

Moreover, the MRI rating of each LowOrder network
correlated with the corresponding CRS-R subscale, with
the visual networks being the most correlated with the
visual subscale (LVIS: p = 0.49, P <.001 and MVIS:
p =052, P <.001).

Considering the different etiologies, in traumatic and
anoxic patients no significant correlation with the CRS-R
total score was observed; by contrast, in vascular patients
correlation with the CRS-R total score was significant for
the AUD and SAL networks. For traumatic patients, cor-
relation with the corresponding CRS-R subscale scores
was significant for SM, LVIS, and MVIS networks. For
vascular patients, only the AUD network showed a corre-
lation with its corresponding auditory CRS-R subscale
scores. For anoxic patients, correlation with the corre-
sponding CRS-R subscale scores was significant for AUD,
LVIS, and MVIS networks.

Correlations with CRS-R MS were never significant.

Disease duration did not generally have a significant
effect on MRI ratings of the LowOrder and HighOrder
networks, except for AUD, DMN, DAN, and TEMP.

Lateralization

The left hemisphere of each network was always signifi-
cantly different between VS/UWS and MCS patients,
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Table 5. Differences in MRI rating between VS/UWS and MCS
patients calculated for the left and right hemispheres of each network
with one-tailed Mann-Whitney U test; *P < 0.05; **P < 0.01;
***p < 0.001.

Left Hemisphere Right Hemisphere

Networks ~ VS/UWS MCS U VS/UWS  MCS U
LowOrder
SM 2.5 4.5 699 ** 2.5 4 921.5
AUD 1 2.5 783.5 ** 1 2.5 891
LVIS 1.5 2.75 643%** 2 2.5 759 **
MVIS 1.5 3 64.5%** 15 2.5 696 **
HighOrder
DMN 5 6,25 778 ** 5,5 6,25 9555
SAL 3 6 8785* 3 6 767.5 **
FP 2.5 4 752.5 ** 3 4.5 897.5
DAN 2.5 4 750 ** 2 4 925.5
TEMP 1 2.5 7835 ** 15 3 861 *

AUD, auditory network; DAN, dorsal attention network; DMN, default
mode network; L-FP, R-FP, left and right fronto-parietal network; LVIS,
lateral visual network; MVIS, medial visual network; SAL, salience
network; SM, sensorimotor network; TEMP, temporal network.

while the right hemisphere was significant for the LVIS,
MVIS, SAL, and TEMP networks (Table 5). In both
hemispheres, the VS/UWS were more damaged than MCS
patients.

Discussion

We investigated the structural integrity of 10 brain net-
works in 109 chronic patients with DoC and emerged
from DoC with different etiologies. Dividing networks
into LowOrder and HighOrder, results showed that:

iThe MRI rating of the LowOrder networks did not lead
to a high diagnostic accuracy between VS/UWS and MCS
patients (i.e. not higher than the clinical variables),
whereas the HighOrder networks, altogether, had a better
diagnostic accuracy (AUC = 0.83), when clinical informa-
tion was also considered. With regard to etiologies, MRI
ratings showed significant differences between VS/UWS
and MCS patients in the anoxic class, but not in the trau-
matic and vascular classes. In addition, there was a good
correspondence between the MRI rating of LowOrders
and CRS-R total scores and subscales. MRI rating of the
HighOrder networks also correlated with CRS-R total
score. Finally, the left side of the networks was more
impaired in VS/UWS than in MCS patients.

iiRegarding the two analysis approaches used, the qualita-
tive MRI rating was more informative because it was
found to be applicable indiscriminately to all patients,
whereas in our sample of chronic patients the quantitative

Structural integrity in Disorder of Consciousness

assessment was limited to a small subgroup (only 55% of
cases had at least one LowOrder network segmented and
only 19% had all LowOrder networks segmented).

In this work, we highlighted the importance of assess-
ing the structural integrity of the most commonly
observed brain networks to better evaluate their function-
ality. Undoubtedly, the lack of integration between the
degree of structural damage and the associated dysfunc-
tional activity remains one of the conceptual gaps in the
study of DoC."”

From a methodological point of view, the qualitative
approach based on the MRI rating performed by two
neuroradiologists could be applied to the entire sample
and all networks. In contrast, the quantitative analysis
performed through gray matter segmentation could be
applied to just 55% of patients, and only 19% of cases
achieving a quantification of all LowOrder networks.
Deformation of the patient’s anatomy (e.g., extent and
severity of the damage, thinning of the cortex), chronicity
of the disease (which alters the anatomy of the brain
compared to a standard template used for quantitative
evaluation), poor image quality (due to motion artifacts
or valve shunt systems, and low contrast between gray
and white matter) were among the reasons for segmenta-
tion failure. As opposed to relying solely on a Tlw image,
the qualitative approach allowed the radiologist to inte-
grate information from several MRI sequences. These
results showed that the qualitative approach outper-
formed the quantitative approach, which resulted to be
hardly feasible in chronic DoC patients.

At the diagnostic level, the structural integrity of net-
works, taken individually, had low discriminative values.
Nonetheless, when structural data were combined with
clinical variables, as occurs in clinical practice,”® the
HighOrder networks achieved the highest accuracy scores,
with SAL network emerging as the most accurate
(AUC = 0.75), followed by DAN (AUC = 0.73), L-FP,
and DMN networks.

In normal condition, the SAL network, which encom-
passes the fronto-insular region and the anterior cingulate
cortex, processes interoceptive-autonomic information
and detects salient emotional stimuli, including pain.**?’
In DoC patients, the SAL network connectivity is associ-
ated with the level of consciousness’*” and could distin-
guish between VS/UWS from MCS.* In addition, the
structural integrity of the SAL network resulted to be crit-
ical for the efficient regulation of DMN activity and cog-
nitive control in traumatic brain injury patients,®
confirming that the interaction between HighOrder net-
works such as SAL, DMN, and DAN mediates the behav-
ior.*”° Purther, the L-FP network has been associated
with cognitive domains such as memory, attention,
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40,41 .
and in DoC was

4,42,43

language, and executive functions,
related to the level of consciousness.

The MRI rating of each network correlated significantly
with the CRS-R total scores, suggesting that the level of
consciousness is closely related to structural data underly-
ing functional networks. Additional evidence for this
association can be found in the significant correlation
between the MRI rating of LowOrder networks and the
corresponding CRS-R subscales.

In our study, etiology was a critical factor in differenti-
ating VS/UWS from MCS patients: on the overall sample,
the significant differences between VS/UWS and MCS
patients, at the level of both LowOrder and HighOrder
networks, were driven by the subgroup of anoxic patients
(Fig. 4). As a matter, only for this etiology it was possible
to significantly distinguish VS/UWS from MCS patients.
Moreover, observing the MRI ratings of the vascular etiol-
ogy (Fig. 4B), patients in the 3 diagnostic categories (i.e.
VS/UWS, MCS, SD) could not be easily distinguished,
whereas in the traumatic etiology SD patients are always
more preserved than VS/UWS and MCS patients. In vas-
cular patients, no discrimination between VS/UWS and
MCS was previously observed in the same cohort of
patients on functional data.’ Generally, these results sug-
gest that the differences between VS/UWS and MCS
patients cannot be generalized among the different etio-
logical classes, at least in chronic patients. Therefore, the
etiology can have a crucial role in DoC, when evaluating
structural,** functional,® and clinical®® data.

Furthermore, as previously reported, the left hemi-
sphere was more damaged in VS/UWS than in MCS
patients in all networks, while the right hemisphere was
less sensitive to the difference between diagnoses.”'>***’
This finding suggests that impairment to the left versus
the right hemisphere has a more significant impact on the
level of consciousness. This is probably because the left
hemisphere is responsible for highly demanding tasks
such as language and fine motor coordination.*® In DoC
patients, language impairment can be a bias masking the
presence of conscious behavior and lead to misdiagno-
Sis.49,5()

Some limitations of our study should be noted. First,
no clinical follow-up data were collected and no prognos-
tic analysis was performed. However, in these chronic
patients, clinical progression is generally rather stable.
Second, we did not consider the damage to critical sub-
cortical regions, such as the thalamus or midbrain. How-
ever, the focus of our work was not on the key regions
involved in DoC, but on the structural alteration underly-
ing the functional networks. Finally, the post-anoxic etiol-
ogy presented an unbalanced ratio of VS/UWS versus
MCS patients (30 vs. 5), which, however, is typically
observed in clinical practice.

J. P. Medina et al.

Conclusions

This study suggests that a network-level description of the
structural damage can be a useful tool for the clinical
assessment of DoC, where a qualitative MRI rating can
always be employed, while a quantitative approach leads
to the exclusion of too many cases when patients are
chronic. The structural MRI rating of HighOrder net-
works, altogether, displayed a better discriminative capac-
ity in distinguishing VS/UWS vs. MCS than LowOrder
networks. When the model included imaging and clinical
variables, the SAL network stood out (AUC = 0.75), fol-
lowed by DAN (0.73), L-FP (0.73), and DMN (0.72). In
the future, it will be useful to integrate the structural data
of brain networks to their functional activity in the char-
acterization of DoC patients.
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