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Abstract: A vast body of literature exists showing functional and structural dysfunction within the
brains of patients with disorders of consciousness. However, the function (fluorodeoxyglucose FDG-
PET metabolism)–structure (MRI-diffusion-weighted images; DWI) relationship and how it is affected
in severely brain injured patients remains ill-defined. FDG-PET and MRI-DWI in 25 severely brain
injured patients (19 Disorders of Consciousness of which 7 unresponsive wakefulness syndrome, 12
minimally conscious; 6 emergence from minimally conscious state) and 25 healthy control subjects
were acquired here. Default mode network (DMN) function–structure connectivity was assessed by
fractional anisotropy (FA) and metabolic standardized uptake value (SUV). As expected, a profound
decline in regional metabolism and white matter integrity was found in patients as compared with
healthy subjects. Furthermore, a function–structure relationship was present in brain-damaged patients
between functional metabolism of inferior-parietal, precuneus, and frontal regions and structural integ-
rity of the frontal-inferiorparietal, precuneus-inferiorparietal, thalamo-inferioparietal, and thalamofron-
tal tracts. When focusing on patients, a stronger relationship between structural integrity of thalamo-
inferiorparietal tracts and thalamic metabolism in patients who have emerged from the minimally con-
scious state as compared with patients with disorders of consciousness was found. The latter finding
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was in line with the mesocircuit hypothesis for the emergence of consciousness. The findings showed
a positive function–structure relationship within most regions of the DMN. Hum Brain Mapp 37:3707–
3720, 2016. VC 2016 Wiley Periodicals, Inc.
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network
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INTRODUCTION

Massive brain trauma can result in a disorder of con-
sciousness (DOC), such as the unresponsive wakefulness
syndrome (UWS) [Laureys et al., 2010], or minimally con-
scious state (MCS) [Giacino et al., 2002]. Patients who have
emerged from MCS (EMCS) are able to functionally com-
municate and/or functionally use objects, but remain
severely handicapped and dependent on full-time care. A
substantial body of literature exists on grey matter meta-
bolic (e.g., Fluorodeoxyglucose PET [FDG-PET]) and white
matter structural (e.g., MRI-DWI [diffusion-weighted
imaging]) brain characteristics in this patient group. Both
these methods independently show severe impairments in
DOC and EMCS patients [for review see Laureys and
Schiff, 2012]. At a global level, functional measures show
that metabolism in DOC patients is decreased by up to
40%–50% from their normal value [De Volder et al., 1997;
Laureys et al., 1999b; Laureys et al., 2004; Rudolf et al.,
1999; Tommasino et al., 1995]. Regional metabolic dysfunc-
tion is seen in a widespread frontoparietal, thalamo-
cortical network. The medial part of this frontoparietal net-
work, often called the default mode network (DMN),
encompasses midline anterior cingulate/mesio-frontal and
posterior cingulate/precuneal associative cortices as well
as posterior parietal areas [Nakayama et al., 2006; Thibaut
and Bruno, 2012]. In patients with disorders of conscious-
ness, metabolic activity as well as MRI functional connec-
tivity are reportedly more reduced in these regions than in
the rest of the brain [Boly et al., 2009; Demertzi et al.,
2014; Soddu et al., 2012; Vanhaudenhuyse et al., 2010a).

While the DMN is defined in terms of functional con-
nectivity, there are indications of clear structural underpin-
nings [Greicius et al., 2009; Van Den Heuvel et al., 2009].
In patients with DOC, these structural connections are
known to be damaged. For example, fractional anisotropy
(FA), a measure of directionality of water diffusion
assumed to be related to myelination of white matter, is
specifically reduced in the DMN [Fern�andez-Espejo et al.,
2011, 2012; Gomez et al., 2012].

The cerebral metabolic reductions in DOC are proposed
to result from widespread neuronal injury [Thibaut and
Bruno, 2012] or disruption of central excitatory drivers
[Schiff, 2010]. The latter mesocircuit hypothesis proposes
that large-scale dysfunction is due to an important reduc-
tion of thalamic excitatory output to the cortex. The obser-
vations of impaired metabolism suggest that axonal

deafferentiation may be a key driver. We here aim to
explore this DMN function–structure relationship in
severely brain-damaged patients with varying levels of
consciousness as measured by metabolism (standardized
uptake value [SUV]) and white matter structural integrity
(fractional anisotropy [FA]).

METHODS

Population

PET and MRI data from patients and 25 healthy controls
were acquired at the University Hospital of Liège, Bel-
gium. Patients were excluded from this study when pre-
insult neurological illness, non-compatibility with either
MRI or PET was present, or when less than 18 years.
Behavioural diagnosis was determined by multiple coma
recovery scale revised [CRS-R’s; Giacino et al.,] assess-
ments, including assessments on both MRI and PET scan
dates. Written informed consent was taken from each
healthy subject and the legal guardians of each patient in
accordance with the Declaration of Helsinki. The Ethics
Committee of the University Hospital of Liège approved
the study.

Data Acquisition

MRI data was acquired using a 3 Tesla scanner (Siemens
Trio, Siemens Medical Solutions, Erlangen, Germany).
Structural MRI T1 data were obtained with T1-weighted
3D gradient echo images using 120 slices, repetition time-
5 2,300 ms, echo time 5 2.47 ms, voxel size 5 1 3 1 3

1.2 mm3, flip angle 5 98, field of view 5 256 3 256 mm2.
Diffusion-weighted images were acquired at a b-value of
1,000 s/mm2 using 64 encoding gradients that were uni-
formly distributed in space by an electrostatic repulsion
approach [Jones et al., 1999]. Voxels had dimensions of 1.8
3 1.8 3 3.3 mm3, field of view 5 230 3 230 mm2, repeti-
tion time 5 5,700 ms, echo time 5 87 ms, and volumes
were acquired in 45 transverse slices using a 128 3 128
voxel matrix. A single unweighted (b 5 0) image preceded
the diffusion-weighted volumes and the 64-volume diffu-
sion imaging sequence was repeated twice.

Five days prior to MRI, an 18F-FDG PET scan was per-
formed 52 6 13 minutes after intravenous injection of
300 6 47 MBq of FDG using a Gemini TF PET-CT scanner
(Philips Medical Systems). A low-dose CT was acquired
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for attenuation correction, followed by a 12-minute
emission scan. The studies were reconstructed using a
LOR-OSEM algorithm and reconstructed images had
2 mm3 isotropic voxels in a 256 3 256 3 89 voxel matrix.

Data Processing

The images of each subject were manually reoriented to
the orientation of the MNI 152 1 mm3 template. Next, each
subject’s T1-weighted image was automatically labelled
using the Desikan–Killiany atlas via the processing pipe-
line of Freesurfer v 5.3.0 [Desikan et al., 2006]. Several pre-
selected region labels were combined to produce eight
regions of interest representing the DMN in both hemi-
spheres. Specifically, regions of interest (ROIs) in the left
and right thalamus, inferior parietal cortex, mesio-frontal
cortex (encompassing: medial orbital frontal, superior fron-
tal, and rostral anterior cingulate cortex), and precuneus/
posterior cingulate cortex (encompassing: precuneus, isth-
mus, and posterior cingulate cortex) were targeted. Figure
1 shows an example of the processing protocol adopted.
The Freesurfer processing pipeline was also used to seg-
ment the entire cerebrum into distinct grey matter (GM),
white matter (WM), and cerebrospinal fluid (CSF) images.

Because the processing of damaged brains is slightly
inconsistent across neuroimaging toolboxes, we addition-

ally segmented each T1-weighted image into whole-brain
WM, GM, and CSF masks using FAST, part of FSL (FMRIB
Software Library v 5.0) [Smith et al., 2004]. A robust cere-
bral white matter mask was obtained for each subject by
multiplying the WM masks produced by the FAST and
Freesurfer toolbox. Subsequently, a reliable cerebral brain
mask for tractography termination was produced by multi-
plying the cerebrum mask calculated by Freesurfer
(including all cortical brain matter) with the inverse of the
FAST cerebrospinal fluid mask. This procedure helped to
minimize contamination of masks with non-brain tissue
that had been incorrectly labelled.

Diffusion-weighted images were corrected for subject
motion by rigid registration of the weighted volumes to
the unweighted volume. Rotations applied to the
diffusion-weighted volumes were also applied to the cor-
responding gradient directions [Leemans and Jones, 2009].
Distortion artefacts induced by eddy currents were then
corrected by affine registration of the diffusion-weighted
images to the unweighted volume. All registrations were
performed with FLIRT, part of FSL. The data of some sub-
jects was contaminated by table vibration artefacts which
have previously been reported for this model of MR scan-
ner [Gallichan et al., 2010]. The artefact manifested as
extraordinarily high diffusion in the left-to-right direction
that was clearly visible in calculated RGB-FA images. In
our sample it was found primarily in posterior brain areas,

Figure 1.

Schematic representation of the processing pipeline. Data was assessed in subject space where

the T1 MRI was segmented using Freesurfer. PET glucose metabolism was estimated by calcula-

tion of mean partial volume corrected standardized uptake values within the default mode net-

work ROIs. FA was extracted of the voxels that the DMN tract passed through. [Color figure

can be viewed at wileyonlinelibrary.com]
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though its effects occasionally appeared throughout the
brain. We reduced the effect of the artefact by removing
volumes in which the absolute value of the x-component
of the encoding gradient vector exceeded a manually
selected threshold. This threshold was chosen by repeat-
edly examining the RGB-FA image at distinct thresholds
by at least two assessors.

For both analysis and preprocessing diffusion tensors
were fit at each voxel using non-linear least squares fitting.
Tensor eigenvalues were constrained to positivity by tak-
ing their absolute value. This method is known to be
robust against noise [Koay, 2009]. FA, tensor mode [Ennis
and Kindlmann, 2006], and RGB-FA images were com-
puted. Tensor mode provides a method for quantifying
the type of anisotropy (e.g., planar 5 two fibre populations,
or linear 5 one fibre population) found in the voxel. Mode
ranges between 21 (planar anisotropy) and 11 (linear ani-
sotropy) with 0 representing orthotropy. All tensor calcula-
tions were performed with Dipy [Garyfallidis et al., 2014].

Affine registration was performed between each sub-
ject’s white matter mask (in T1 space) and a thresholded
FA image (FA> 0.2) using FLIRT (nearest neighbour inter-
polation, mutual information cost function), part of FSL.
The translation component of the transformation matrix
was modified by adding half of the difference between the
fields of view of the DWI and T1-weighted images. This
allows the transformation matrix to be used to register T1-
derived masks to those in DWI orientation without down-
sampling. The transformation matrix was applied to the
T1-derived white matter mask, cerebral track termination
mask, and ROI label map.

A set of voxels with unidirectional diffusion (or a
“single fibre population”) was identified by eroding and
thresholding (0.8< FA< 0.99) the FA image and multiply-
ing this by a map of the thresholded tensor mode (mod-
e> 0.9). These operations were performed with fslmaths,
part of FSL. Binary single fibre population masks were
manually revised to select only voxels that were clearly
inside the corpus callosum and corticospinal tracts. These
high FA and high mode voxels were used to estimate the
diffusion-weighted signal response for a single fibre popu-
lation. Next, non-negativity constrained spherical deconvo-
lution was performed and fibre orientation distribution
functions within each voxel were estimated. A maximum
harmonic order of 4 was used for both response estimation
and spherical deconvolution. Probabilistic tractography
was performed using randomly placed seeds within the
subject-specific white matter masks described above. Fibre
tracking settings were as follows: number of
tracks 5 1,000,000, FOD magnitude cutoff for terminating
tracks 5 0.1, minimum track length 5 10 mm, maximum
track length 5 200 mm, minimum radius of
curvature 5 1 mm, tracking algorithm step size 5 0.2 mm.
Streamlines were terminated when they (i) extended out
of the cerebrum track termination mask, or (ii) could not
progress along a direction with FOD magnitude or curva-

ture radius higher than the minimum cutoffs. A connectiv-
ity matrix for the eight-region connectome was computed
using the streamline origin and termination points and the
ROI label mask. For each streamline the FA was averaged
over all the voxels it passed through; meaning that we
extracted the FA within the 12 tracts connecting each of
our DMN regions of interest. Constrained spherical decon-
volution and fibre tracking were performed with MRtrix
0.2.12 [Tournier et al., 2012]. Computation of the connec-
tivity matrices was performed with MRtrix 0.3.

FDG-PET images for each subject were first manually
reoriented toward the T1-weighted image using Statistical
Parametric Mapping 8 (SPM8; www.fil.ion.ucl.ac.uk/spm)
in order to ease later automated registration tasks. FDG-
PET images underwent partial volume effect (PVE) correc-
tion using the Muller–Gartner–Rousset method [M€uller-
G€artner et al., 1992; Rousset et al., 2007] in PVElab v 2.2
[Quarantelli et al., 2004; Svarer et al., 2005]. Partial volume
correction aims to remove the spillover of signal to regions
that are known to be without activity (e.g., CSF), in order
to prevent underestimation of signal in regions with activ-
ity (e.g., GM). Grey matter, white matter, and cerebrospi-
nal fluid partial volume estimate images were obtained, as
earlier, using FAST. A rigid-body transformation was
obtained between the uncorrected FDG-PET and the sub-
ject’s T1-weighted image to bring the T1 image to PET
space (trilinear interpolation, correlation ratio cost func-
tion; in six patients, cost function was changed to normal-
ized mutual information to improve registration). The
inverse of this transformation matrix was applied to the
GM, WM, and CSF partial volume images to bring them
into the space of the PET image. The point spread function
was modelled by 3D Gaussian function with in-plane full-
width at half maximum (FWHM) values of 8 mm. Finally,
following PVE correction the PET image was transformed
into T1 space and the mean SUV value was extracted
within each ROI using in-house software.

For all subjects it was necessary to manually check the
performance of the automated labelling and registration
procedures. In six patients there were voxels that were
clearly mislabelled and required correction. The ROI labels
were evaluated and adjusted when deemed necessary by at
least two researchers. Processing pipelines were developed
in Python using Nipype [Gorgolewski et al., 2011] and are
freely available online (https://github.com/GIGA-Con-
sciousness/structurefunction). A figure showing ROIs and
tracts can be found in the Supporting Information Fig. 1.

Statistical Analysis

Statistical analysis was done using R [R Core Team,
2014]. First, to test for demographic differences (age and
gender) between our two groups (healthy controls and
brain-injured patients), we used independent two-sample
t-tests or chi-square test, respectively. To test for possible
differences between left and right brain function/structure
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we assessed laterality differences using a two sample t-
tests within brain-injured patients and controls with a
“logit” transform of FA and log transformation of SUV to
account for parametric test-assumptions. Subsequently,
SUV and FA of the left and right hemisphere regions were
averaged for each subject. Next, to test the differences
between the two groups in mean SUV and FA values two-
sample t-tests with Bonferroni correction (a 5 0.012 and
a 5 0.008 respectively) were used. Using a v2 test the num-
ber of volumes removed during vibration artefact correc-
tion was evaluated to identify any potential group bias.
Subsequently, multivariate linear regression analysis with
group and FA as regressors was performed to model how
group and structural integrity (FA) of DMN tracts relate to
metabolism (SUV) in adjacent regions. SUV was log scaled
to meet normality assumptions. Furthermore, to take into
account the differences in variance we weighted the
regression function by the inverse of the FA of the corre-
sponding connection. Type II ANOVA’s were used to
assess significant main and interaction effects. As each
SUV ROI is tested three times, Bonferroni correction was
used with a 5 0.016.

We then focused on patients alone to better understand
the structure–function relationship in the brain-injured
group. Multiple linear regression models were used to
investigate how demographic factors as diagnosis (DOC
vs. EMCS), aetiology (TBI or non-TBI), disease duration
(subchronic vs. chronic), gender, and age influence the
function–structure relationship in the patient population.
Type II ANOVA’s were used to assess significant main
and interaction effects. Within the control population we
tested for an effect of FA on SUV using a simple linear
regression with FA as regressor and SUV as outcome
measure.

To assess a possible global effect of SUV and FA we
used a multivariate linear regression analysis to model
how group and whole-brain structural integrity of white
matter (FA over all white matter voxels) relate to whole-
brain grey matter metabolism (SUV). Furthermore we per-
formed an analogous regression analysis for the patient
and control group separately.

RESULTS

We obtained MRI data of 163 adult, (sub-) chronic (>30
days after injury) patients without pre-existing comorbid-
ities and 14 healthy control subjects between November
2009 and October 2013. Stringent exclusion criteria were
applied as visualized in Fig. 2. Patients were excluded
because of technical difficulties in either MRI or PET
(N 5 25), more than 5 days between exams (N 5 5), severe
deformations consisting of more than one-third of one
hemisphere (e.g., enlarged ventricles, haemorrhage, severe
atrophy), metal/drain artefacts (N 5 79). Data of 54
patients were preprocessed, although 29 subjects had to be
excluded because Freesurfer was unable to complete seg-

mentation. Thus, the final cohort consisted of 25 patients
and 25 healthy controls. The patients did not differ from
control subjects in age (P 5 0.214; mean age 5 36.3 for brain
injured and 40.9 for healthy controls) or gender (P 5 0.756;
13 male against 11 male in brain injured and healthy
groups, respectively).

DOC patients had been clinically diagnosed as in an
unresponsive wakeful state (UWS, n 5 7) or a minimally
conscious state (MCS, n 5 12), and diagnosis was consist-
ent with the diagnosis of the day of the PET and MRI
scan. Six subjects were diagnosed as emerged from a mini-
mally conscious state (EMCS, n 5 6). The patient cohort
consisted of subacute (n 5 10, between 30 days and 3
months after onset) and chronic patients (n 5 15, >3 month
after onset) with a mean time since onset of 1.8 years
(SD 5 1.9 years). Patients suffered from traumatic brain
injury (TBI, n 5 12), anoxia (n 5 11), both (mix, n 5 1), or
infection (n 5 1). For demographic and clinical details see
Table I.

The vibration artefact affected 14 of 25 patients and 5
out of 25 controls. On average, 39 diffusion-weighted vol-
umes (30%) had to be removed from patient data and 32
(25%) out of 128 volumes from control subjects. We did
not find a difference between the amount of affected vol-
umes between patients and controls [v2(1,N 5 50) 5 3.14,
P 5 0.076].

Figure 2.

Flowchart of exclusion criteria. This study was conducted using

stringent exclusion criteria. Of the 163 MRI examinations per-

formed at the Coma Science Group between November 2009

and October 2013, 109 were excluded before image analysis.

Data preprocessing was done for 54 patients, of which addition-

ally 19 subjects had to be excluded due to inaccurate segmenta-

tion. Finally, we included 25 patients in the statistical analysis.
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To assess if there is an effect of laterality, the difference
between SUV values in our ROIs and FA values for con-
nections in the left and right hemisphere were assessed.
No differences could be observed within SUV values for
controls (P 5 0.794) or patients (P 5 0.691), nor in FA val-
ues between the left and right tracts (controls; P 5 0.156,
patients; P 5 0.053). The values of each hemisphere were
averaged for subsequent analysis so that each subject was
not tested twice.

Functional and Structural Integrity

Metabolism (SUV values) was significantly (P< 0.001)
lower in brain-injured patients compared with controls
(Fig. 3). The average reduction in SUV of patients was
42%. The reduction was strongest in the precuneus (44%)
and weakest in the frontal cortex (39%).

FA was also significantly (P< 0.001) lower in brain-
injured patients compared with controls (Fig. 4). The aver-
age reduction of FA was 17%, with the biggest reduction
in the fronto-precuneus tract (23%) and the smallest reduc-
tion in the thalamo-precuneus radiation (13%). A table

indicating all two-sample t-tests with Bonferroni correction
can be found in the Supporting Information.

Regression Analysis

Explaining SUV through FA and group

Multiple linear regression (Fig. 5; Supporting Informa-
tion Fig. 2; Tables (II–V) for P-values) including the two
groups (patients and controls) showed a main effect of FA
and of group (with Bonferoni correction of P< 0.016). The
main effect of group is significant for all the regions and
adjacent tracts with a higher SUV for healthy controls than
for patients, except for SUV in the inferioparietal cortex
with FA from the frontal to inferioparietal tract where
only a trend can be observed.

The main effect of FA can be found in five tracts
(Fig. 5). This is the case for SUV in the inferioparietal cor-
tex and FA from all assessed tracts toward this ROI (tha-
lamo-interioparietal P< 0.0001, frontal-inferioparietal
P 5 0.012, precuneus-inferioparietal P< 0.0001), SUV in the
precuneus and precuneus-inferioparietal FA (P< 0.0001),
and SUV of the frontal cortex and thalamo-frontal FA

TABLE I. Patient demographics

Diagnosis Age Gender Etiology
Days

(Onset) GOSE

CRS-R
CRS-R
totalA. V. M. O. C. Ar.

EMCS 33 F TBI 388 NA 4 5 6 3 2 3 23
EMCS 30 M TBI 881 3 4 5 6 3 2 3 23
EMCS 37 M Anoxia 284 3 4 5 6 3 0 2 20
EMCS 45 F Anoxia 38 3 4 5 6 3 1 1 20
EMCS 31 F TBI 439 3 4 5 5 2 2 2 20
EMCS 22 M TBI 2,424 3 3 4 6 3 1 1 18
MCS1 28 M TBI 589 3 1 2 2 1 0 1 7
MCS1 45 M TBI 533 3 3 3 3 1 0 2 12
MCS1 47 F Anoxia 210 NA 3 0 1 1 0 2 7
MCS1 19 M MIX 1,236 3 3 4 1 2 0 2 12
MCS1 23 M TBI 752 3 3 4 5 1 0 2 15
MCS1 48 F Anoxia 292 NA 3 1 2 2 0 1 9
MCS1 49 M Anoxia 674 1 3 1 3 1 0 2 10
MCS- 29 F TBI 569 3 1 2 1 2 0 1 7
MCS- 28 M TBI 634 2 0 1 2 1 1 1 6
MCS- 36 F Anoxia 549 3 1 3 2 2 1 1 10
MCS- 45 F Anoxia 259 1 0 0 2 1 0 1 4
MCS- 48 M Anoxia 1,100 3 1 3 1 2 0 1 8
UWS 40 M Anoxia 2,890 3 1 0 1 2 0 1 5
UWS 21 M TBI 196 2 1 0 2 2 0 2 7
UWS 44 F Anoxia 101 1 0 0 2 1 0 1 4
UWS 54 F Infection 51 1 0 0 2 1 0 1 4
UWS 20 M TBI 31 7 0 1 2 1 0 1 5
UWS 48 F Anoxia 129 1 1 0 0 1 0 2 4
UWS 37 F TBI 1,192 3 1 0 1 1 0 2 5

EMCS, Emergence from minimally conscious state; MCS, minimally conscious state; UWS, unresponsive wakefulness syndrome; M,
male; F, female; TBI, traumatic brain injury; MIX, anoxia and traumatic brain injury; GOSE, Glasgow outcome scale extended; CRS-R,
Coma recovery scale – revised; A., Auditory; V., visual; M., motor; O., oromotor; C., communication; Ar., arousal.
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(P 5 0.009) (Tables II–V). The relationship between FA and
SUV within each of the two samples has been further
investigated and the results are discussed in the following
paragraph.

Explaining SUV through FA and demographic factors

Within patients, we did not find any significant effect of
aetiology (TBI or non-TBI), duration, gender, or age in the
multiple linear regression model. An interaction effect

between group (EMCS vs. DOC) and FA was found (with
Bonferoni correction a< 0.016) on thalamic SUV and
thalamo-inferioparietal FA (P 5 0.006). Trends were
observed for thalamic SUV and the other two tracts
toward this ROI (thalamo-frontal P 5 0.04, thalamo-
precuneus P 5 0.017) (Supporting Information Fig. 4).
Furthermore, apart from one, all observed main effects of
FA seen in the previous analysis were also observed in the
current analysis between the two patient populations. SUV
in the inferioparietal cortex is explained by thalamo-

Figure 4.

MRI white matter structural integrity in DMN tracts. Structural

integrity of tracts between the default mode network regions rep-

resented with FA of the voxels that the tracts pass through, in

healthy controls and brain injured patients (average of left and right

hemispheres). Brain injured patients show lower FA values com-

pared with healthy controls subjects in all tracts. ***5 P< 0.001.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 3.

PET glucose uptake in DMN regions. Standardized uptake value

following partial volume correction (PVC) in the default mode

network regions (average of standardized uptake values of left

and right hemisphere) for healthy controls and brain injured

patients. Brain injured patients show a decreased standardized

uptake value compared with controls in all default mode net-

work regions. *** 5 P< 0.001. [Color figure can be viewed at

wileyonlinelibrary.com]
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interioparietal FA (P 5 0.002), and precuneus-
inferioparietal FA (P< 0.0001). Similarly, SUV in the precu-
neus that depends on the precuneus-inferioparietal FA
(P 5 0.002). SUV of the frontal cortex is linearly related to
thalamo-frontal FA (P 5 0.012). Within the healthy popula-
tion there is no evidence for a main effect of FA on SUV
in any of the structure–function pairs (Table VI).

Whole brain regression analysis

To test if these results were limited to the DMN or
reflective of general brain integrity, we performed a linear
regression analysis to model how group and whole-brain
structural integrity of white matter (FA) relate to whole
brain grey matter metabolism (SUV). This additional anal-
ysis showed a main effect of group (P 5 0.0003), but not of
FA (P 5 0.17). Instead, a small evidence for an interaction
effect could be observed (P 5 0.03) (Supporting Informa-
tion Fig. 3). However, we did not find evidence for a struc-
ture–function relationship within each subgroup.

DISCUSSION

We here aimed to directly investigate, in severely brain
injured patients, the relationship between functional brain
activity and structural connectivity within the DMN in an
objective and combined fashion using both FDG-PET
and FA MRI. We show that a function–structure
relationship is present in brain-damaged patients between
functional metabolism of inferior-parietal, precuneus, and
frontal regions and structural integrity of the frontal-
inferiorparietal, precuneus-inferiorparietal, thalamo-
interioparietal and thalamofrontal tracts. When focusing on
EMCS versus DOC patients, we found a stronger relation-
ship between structural integrity of thalamo-inferiorparietal
tracts and thalamic metabolism in patients who have
emerged from MCS as compared with DOC patients.

We first assessed function (PET metabolism) and struc-
ture (DWI-FA) independently, to replicate previous studies
focusing on either measure separately. Indeed, marked
impairments in SUV and FA were observed in patients.

Figure 5.

Linear regression model of the function–structure relationship.

Left side of the image shows a spatial representation of the

function–structure relationships (blue circles for regions where

the partial volume corrected - standardized uptake value (PVC-

SUV) depended on FA, blue arrows for FA of tracts that drive

SUV in adjacent regions). Right side of image shows five scatter-

plots of the linear regression models for healthy controls (blue

dots), and patients (green dots), and significant main effect of FA

(lines). Abbreviations: FA, fractional anisotropy; PVC-SUV, partial

volume corrected-standardized uptake value. [Color figure can

be viewed at wileyonlinelibrary.com]
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SUV in all DMN regions was lowered in brain-injured
patients compared with healthy controls, with a 39%–42%
reduction of metabolic rates in brain-injured patients in
the cortical DMN regions and thalamus (Fig. 3). This is in
accordance with previous findings on a global brain scale
[Laureys et al., 1999a,; Rudolf et al., 1999; Stender et al.,
2014a,b; Tommasino et al., 1995] and within the DMN spe-
cifically [Fridman et al., 2014; Nakashima et al., 2007; Thi-
baut and Bruno, 2012]. FA in all DMN tracts was
diminished by about 13%–23% in brain-injured patients
compared with healthy controls (Fig. 4), in line with previ-
ous reports [Fern�andez-Espejo et al., 2011, 2012; G�omez

et al., 2012]. Our results support recent findings of dimin-
ished structural integrity of corticocortical and subcortico-
cortical DMN connections, which correlated with clinical
severity in a group of eight patients [Lant et al., 2015].

The main aim of this study was to assess the function–
structure relationship in the DMN and thalamus in healthy
conscious subjects and coma survivors. First, as expected,
we have replicated previous studies and shown that
patients have significantly lower FA in all studied connec-
tions and SUV in all regions. Building on this, we showed
that grey matter metabolic function can be partially
explained by white matter anisotropy in several regions of

TABLE II. Regression analysis SUV of the thalamus, FA, and group (healthy vs. brain injured)

SUV FA R2 Beta
95% confidence

interval Sum Sq Df F P-value

Thalamus Thalamo-frontal 0.722
FA 0.538 21.029 2.105 0.026 1 0.309 0.581
Group 0.947 20.819 2.713 4.823 1 56.763 0.000 ***
Interaction 20.988 25.216 3.240 0.019 1 0.221 0.640
Residuals 3.908 46

Thalamus Thalamo-inferiorparietal 0.721
FA 0.523 21.358 2.404 0.036 1 0.425 0.518
Group 0.425 21.623 2.474 4.338 1 50.929 0.000 ***
Interaction 0.255 24.591 5.101 0.001 1 0.011 0.916
Residuals 3.833 45

Thalamus Thalamo-precuneus 0.731
FA 1.322 20.882 3.526 0.083 1 1.007 0.321
Group 1.100 20.641 2.841 4.200 1 50.900 0.000 ***
Interaction 21.411 25.623 2.801 0.038 1 0.456 0.503
Residuals 3.713 45

Statistics and confidence interval of the regression models to predict SUV using FA of adjacent tracts and group (brain-injured patients
or healthy control subjects). * 5 P< 0.05, ** 5 P< 0.01, *** 5 P< 0.00.

TABLE III. Regression analysis SUV of the frontal cortex, FA, and group (healthy vs. brain injured)

SUV FA R2 Beta
95% confidence

interval Sum Sq Df F P-value

Frontal Thalamo-frontal 0.644
FA 2.692 0.860 4.524 0.872 1 7.510 0.009 **
Group 1.502 20.563 3.566 2.232 1 19.222 0.000 ***
Interaction 22.732 27.674 2.211 0.144 1 1.238 0.272
Residuals 5.342 46

Frontal Frontal-inferiorparietal 0.607
FA 2.254 0.253 4.255 0.688 1 5.090 0.029 *
Group 0.836 21.417 3.088 1.165 1 8.624 0.005 **
Interaction 21.254 26.696 4.187 0.029 1 0.216 0.645
Residuals 6.081 45

Frontal Frontal-precuneus 0.587
FA 1.635 20.754 4.024 0.133 1 0.926 0.341
Group 1.574 20.487 3.635 1.685 1 11.736 0.001 **
Interaction 22.955 28.174 2.264 0.187 1 1.299 0.260
Residuals 6.603 46

Statistics and confidence interval of the regression models to predict SUV using FA of adjacent tracts and group (brain-injured patients
or healthy control subjects). * 5 P< 0.05, ** 5 P< 0.01, *** 5 P< 0.00
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the DMN within the patient cohort. More specifically,
metabolism of the frontal cortex, precuneus, and inferior
parietal cortex can be explained by fronto-inferioparietal,
precuneal-inferiorparietal, and thalamo-inferioparietal as
well as thalamo-frontal structural integrity (FA). These
results are in line with the limited previous studies indi-
cating there might be a link between structural integrity
and glucose metabolism. For example, one study correlat-
ing metabolism with white matter bundles in the DMN in
healthy subjects found that working memory is related to
a structure–function correlation in the cingulum [Yakushev
et al., 2013]. Further studies have shown that diffusion

measures have been correlated to glucose uptake in
patients with Alzheimer’s disease and dementia [Bozoki
et al., 2012; Kuczynski et al., 2010; Yakushev et al., 2011],
children with occipital lesions [ Jeong et al., 2015], normal
aging [Inoue et al., 2008], and epilepsy [Chandra et al.,
2006]. However, all of these studies use simple correlations
instead of regressions measures, and thus do not take
population-specific changes into account. This could result
in false positive-correlations, driven by main effects of
group on the (in) dependent variables. We provide proof
that metabolic function is indeed directly related to struc-
tural integrity, surpassing existing correlational results.

TABLE IV. Regression analysis SUV of the precuneus, FA, and group (healthy vs. brain injured)

SUV FA R2 Beta
95% confidence

interval Sum Sq Df F P-value

Precuneus Thalamo-precuneus 0.675
FA 4.249 1.348 7.150 0.863 1 6.037 0.018 *
Group 2.318 0.026 4.609 3.351 1 23.434 0.000 ***
Interaction 24.503 210.047 1.041 0.383 1 2.676 0.109
Residuals 6.434 45

Precuneus Frontal-precuneus 0.622
FA 1.865 20.841 4.570 0.196 1 1.063 0.308
Group 1.692 20.642 4.026 2.527 1 13.725 0.001 ***
Interaction 23.018 28.928 2.893 0.194 1 1.056 0.309
Residuals 8.468 46

Precuneus Precuneus-inferioparietal 0.720
FA 2.618 1.245 3.990 2.465 1 16.571 0.000 ***
Group 0.469 21.037 1.976 3.393 1 22.810 0.000 ***
Interaction 20.148 24.068 3.772 0.001 1 0.006 0.940
Residuals 6.843 46

Statistics and confidence interval of the regression models to predict SUV using FA of adjacent tracts and group (brain-injured patients
or healthy control subjects). * 5 P< 0.05, ** 5 P< 0.01, *** 5 P< 0.00.

TABLE V. Regression analysis SUV of the inferioparietal cortex FA, and group (healthy vs. brain injured)

SUV FA R2 Beta
95% confidence

interval Sum Sq Df F P-value

Inferior parietal Thalamo-inferioparietal 0.683
FA 5.278 2.989 7.567 2.562 1 20.321 0.000 ***
Group 1.824 20.668 4.317 1.075 1 8.528 0.005 **
Interaction 23.697 29.593 2.199 0.201 1 1.595 0.213
Residuals 5.673 45

Inferior parietal frontal-inferioparietal 0.585
FA 2.961 0.680 5.241 1.216 1 6.928 0.012 *
Group 0.863 21.705 3.431 0.953 1 5.426 0.024 *
Interaction 21.395 27.597 4.808 0.036 1 0.205 0.653
Residuals 7.901 45

Inferior parietal Precuneus-inferioparietal 0.668
FA 3.283 1.656 4.910 2.477 1 18.739 0.000 ***
Group 0.502 21.020 2.023 1.400 1 10.591 0.002 **
Interaction 20.552 24.525 3.421 0.010 1 0.078 0.781
Residuals 5.949 45

Statistics and confidence interval of the regression models to predict SUV using FA of adjacent tracts and group (brain-injured patients
or healthy control subjects). * 5 P< 0.05, ** 5 P< 0.01, *** 5 P< 0.00.
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Interestingly, we did not find a structure–function rela-
tionship at the global brain level, suggesting that our
results do not solely reflect general brain integrity. Instead,
the function–structure relationship of the DMN might be
directly related to consciousness. This has been shown in
single-modality studies, for example functional connectiv-
ity [Vanhaudenhuyse et al., 2010b), white matter structural
integrity [Fern�andez-Espejo et al., 2011, 2012; Gomez et al.,
2012], and metabolic function [Thibaut et al., 2012]. Here
we show for the first time a direct function–structure rela-
tionship within this network.

As expected, healthy control subjects showed FA and
SUV within normal range and therefore we are unable to
make inferences about whether one drives the other. Next
we investigated the function–structure relationship within
our patient population, comparing EMCS with DOC
patients (MCS and UWS). EMCS patients are able to use
objects and/or functionally communicate, and thus by def-
inition conscious. Apart from one region-connection pair,
all observed main effects of FA seen in the healthy vs.
brain injured analysis were also observed in the analysis
between the two patient populations, indicating that there
is a positive linear relation between functional and struc-
tural integrity of the DMN. Furthermore, in contrast to
DOC patients, EMCS patients show a significantly stronger
function–structure interaction between the function of the
thalamus and the structural integrity of the thalamo-
inferiorparietal tract. On the uni-modal level our results
match previous research in post-comatose patients finding
that structural cortico-thalamic connections are diminished
[Lant et al., 2015] and thalamic metabolism is lowered
[Fridman et al., 2014]. These findings can be explained by

the mesocircuit theory, which proposes that large-scale
dysfunction is due to a global decrease of excitatory neu-
rotransmission which in turn alters cerebral activity. More
specifically, the globus pallidus is disinhibited and overac-
tive, inhibiting the thalamic excitatory output to the frontal
cortex [Schiff, 2010]. By combining both functional metabo-
lism and white matter structural information we here pro-
vide further evidence for the validity of this theory,
supporting the hypothesis that thalamo-cortical connectiv-
ity plays an important role in emergence of consciousness
[Schiff, 2010]. We limited ourselves to the DMN because of
the large body of literature on this brain-network relating
to consciousness. Therefore, future research should extend
these findings to more specific sub-cortical regions, such
as the globus pallidus or specific thalamic regions.

We do not find any difference between patients based
on aetiology, even though several studies have shown that
temporal dynamics of Wallerian degeneration vary given
different aetiologies [Kumar et al., 2009; Luyt et al., 2012]
and that traumatic brain injury, unlike anoxia, might selec-
tively affect DMN white matter integrity [Bonnelle et al.,
2011; Warner et al., 2010]. Multicentre collaborations
should provide sufficiently large datasets to study these
effects in the future.

Methodologically, several comments can be addressed
when dealing with brain-injured patients, especially con-
cerning normalization, SUV, and tractography procedures.
We here chose to perform a within-subject ROI labelling
rather than applying a common atlas after spatial normal-
ization as this latter procedure might results in a lack of
inter-subject anatomical correspondence in severely
injured brains. As there is no consensus on the most

TABLE VI. Statistics and confidence interval of the regression models to predict SUV of the thalamus using FA of

adjacent tracts and group (DOC patients and patients who recovered from DOC)

SUV FA R2 Beta
95% confidence

interval Sum Sq Df F P-value

Thalamus Thalamo-frontal 0.200
FA 0.270 21.459 1.999 0.044 1 0.516 0.480
Group 23.965 27.742 20.188 0.003 1 0.038 0.848
Interaction 10.299 0.456 20.142 0.401 1 4.735 0.041 *
Residuals 1.777 21

Thalamus Thalamo-inferiorparietal 0.333
FA 20.282 22.243 1.679 0.028 1 0.394 0.537
Group 23.891 26.512 21.270 0.002 1 0.023 0.882
Interaction 9.986 3.252 16.720 0.685 1 9.567 0.006 **
Residuals 1.431 20

Thalamus Thalamo-precuneus 0.296
FA 0.852 21.356 3.060 0.118 1 1.607 0.219
Group 26.133 211.053 21.212 0.000 1 0.000 0.999
Interaction 16.134 3.197 29.071 0.497 1 6.767 0.017 *
Residuals 1.468 20

aStatistics and confidence interval of the regression models to predict SUV using FA of adjacent tracts and group (brain-injured patients
or patients who recovered the ability to functionally communicate or use objects in a functionl manner). * 5 P< 0.05, ** 5 P< 0.01,
*** 5 P< 0.00.
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reliable calculation of standard uptake value, we
accounted for the partial-volume effect [Rousset et al.,
2007]. Tractography based on constrained spherical decon-
volution is optimal with b-values of 2,500–3,000 s/mm2

[Tournier et al., 2013], but crossing fibres can still be more
reliably modelled than with simple DTI-based models
using our lower b-value of 1,000 s/mm2 [e.g., see for effec-
tive application: Roine et al., 2015]. Future studies should
strive to acquire diffusion-weighted images using isotropic
voxels, as anisotropic voxel sizes produce datasets in which
the fibre orientation estimates depend on the position of
the subject in the scanner. Anisotropic voxel sizes were
mitigated in this study by linear interpolation of the fibre
orientation distributions during the fibre tracking step.

CONCLUSION

We here assessed the function–structure relationship
within healthy, conscious subjects and severely brain dam-
aged patients with varying levels of consciousness through
direct combined investigation of function (FDG-PET), and
structure (MRI-DWI). Levels of structural integrity (FA)
and metabolic function (standardized metabolic rates) are
significantly diminished in patients compared with con-
trols. Furthermore, a significant positive function–structure
relationship can be observed within most regions of the
DMN. This relationship may be network-specific, as it
does not appear at the whole-brain level. Finally, we show
that EMCS compared with DOC show a significantly
stronger thalamo-cortical function–structure relationship,
which is in line with the mesocircuit hypothesis.
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