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Abstract: Neuroimaging studies have identified functional interactions between the thalamus, precu-
neus, and default mode network (DMN) in studies of consciousness. However, less is known about
the structural connectivity of the precuneus and thalamus to regions within the DMN. We used diffu-
sion tensor imaging (DTI) to parcellate the precuneus and thalamus based on their probabilistic white
matter connectivity to each other and DMN regions of interest (ROIs) in 37 healthy subjects from the
Human Connectome Database. We further assessed resting-state functional connectivity (RSFC) among
the precuneus, thalamus, and DMN ROIs. The precuneus was found to have the greatest structural
connectivity with the thalamus, where connection fractional anisotropy (FA) increased with age. The
precuneus also showed significant structural connectivity to the hippocampus and middle pre-frontal
cortex, but minimal connectivity to the angular gyrus and midcingulate cortex. In contrast, the precu-
neus exhibited significant RSFC with the thalamus and the strongest RSFC with the AG. Significant
symmetrical structural connectivity was found between the thalamus and hippocampus, mPFC, sFG,
and precuneus that followed known thalamocortical pathways, while thalamic RSFC was strongest
with the precuneus and hippocampus. Overall, these findings reveal high levels of structural and func-
tional connectivity linking the thalamus, precuneus, and DMN. Differences between structural and
functional connectivity (such as between the precuneus and AG) may be interpreted to reflect dynamic
shifts in RSFC for cortical hub-regions involved with consciousness, but could also reflect the limita-
tions of DTI to detect superficial white matter tracts that connect cortico-cortical regions. Hum Brain
Mapp 38:938–956, 2017. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

The default mode network (DMN), which is involved
with interoceptive awareness and mind wandering

[Christoff et al., 2009; Jang et al., 2010; Taylor et al., 2013],
has been proposed as a marker of an individual’s degree
of consciousness [Cauda et al., 2009; Crone et al., 2015;
Hannawi et al., 2015; Soddu et al., 2012; Vanhaudenhuyse
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et al., 2010]. Connectivity of the DMN is reduced in pro-
portion to a patient’s level of impairment [Vanhauden-
huyse et al., 2010] and decreases in glucose metabolism
have been observed in key regions of the DMN (including
the precuneus) during states of impaired consciousness
[Fridman et al., 2014; Garc�ıa-Panach et al., 2011; Laureys
et al., 1999].

The thalamus, which is involved in alertness, has also
been implicated in disorders of consciousness [White and
Alkire, 2003]. Arthuis et al. [2009] described thalamocorti-
cal loops as pathways that coordinate conscious informa-
tion processing from different regions of the brain. The
thalamus—along with the precuneus [a central DMN hub:
Gusnard and Raichle, 2001; Tomasi and Volkow, 2010;
Utevsky et al., 2014; Zhang and Li, 2012]—has likewise
been consistently associated with an individual’s state of
consciousness [Crone et al., 2013; Hannawi et al., 2015;
Vanhaudenhuyse et al., 2010; Xie et al., 2011]. While the
thalamus is not typically considered part of the DMN,
resting-state studies have reported strong functional con-
nectivity between the thalamus and the precuneus [Tomasi
and Volkow, 2011; Zhang and Li, 2012]. These findings
from fMRI serve to corroborate results from anatomical
studies in non-human primates identifying bidirectional
structural connections between precuneus and various tha-
lamic nuclei [Cavanna and Trimble, 2006]. The relevance
of the precuneus—along with other regions in the DMN
and the thalamus—is highlighted by a study that showed
altered structural connectivity (measured with DTI) among
regions within the DMN, including a pathway connecting
the precuneus and thalamus, in patients with impaired
consciousness [Fernandez-Espejo et al., 2012].

Collectively, these findings suggest a strong relationship
exists between consciousness and DMN connectivity to the
precuneus and thalamus. However, while there have been
studies of connectivity between the thalamus and precu-
neus to the rest of the brain [O’Muircheartaigh et al., 2015;
Zhang and Li, 2012; Zhang et al., 2010], no systematic
analysis to our knowledge has been completed that focus-
es on parcellation of the precuneus and thalamus based on
their structural and functional connectivity to one another
and regions of the DMN that could mediate the integrated
brain activity required for consciousness. Here, we took
advantage of open access, high-resolution diffusion
(dMRI) and functional (fMRI) MRI data from the Human
Connectome Database [Van Essen et al., 2013] to determine
how the DMN is structurally connected to the thalamus
and precuneus, and to identify functional resting-state con-
nectivity between these regions. We hypothesized the exis-
tence of significant structural and functional connections
between the thalamus and the precuneus and between
these regions and other areas in the DMN. A detailed
mapping of connectivity between the precuneus and thala-
mus and their connectivity with the DMN will provide a
comprehensive baseline for future brain imaging studies,
especially those involving consciousness.

MATERIALS AND METHODS

The methods described below are summarized as a
step-by-step illustration in Figure 1.

Participants

Neuroimaging data from 37 healthy control subjects (17
males and 20 females, age range: 23–35 years) was obtained
from the Human Connectome Project’s (HCP) “WU-Minn
HCP Data—900 Subjects” public dataset [Van Essen et al.,
2013; http://www.humanconnectome.org/]. Specifically,
our subjects were obtained from the “40 Unrelated Subjects”
subset, which includes 38 pre-selected individuals from the
larger database. One subject was excluded due to the pres-
ence of a normal midline calcification that would have inter-
fered with region of interest (ROI)-based tractography
analyses in that area. The scanning protocol was approved
by Washington University in St. Louis’s Human Research
Protection Office (HRPO), IRB# 201204036. No experimental
activity involving the human subjects took place at the
authors’ institutions. The participants included in this study
provided written informed consent and were scanned
according to procedures approved by the IRB at Washington
University [U�gurbil et al., 2013].

Image Acquisition

Each subject underwent T1-weighted structural scans
(TR/TE/T1/flip angle5 2.40 s/2.14 ms/1,000 ms/88), spin-
echo planar imaging (EPI) scans, diffusion-weighted scans
(TR/TE/flip angle5 5.52 s/89.5 ms/788, 1.25 mm isotropic
voxels; multiband factor5 3), and resting-state gradient-
echo EPI scans (TR/TE/flip angle5 720 ms/33.1 ms/528,
1,200 time points; multiband factor5 8) in a Siemens 3T
Connectome Skyra with a 32 channel coil. Diffusion-
weighted data was acquired through six runs representing
three different shells of b5 1,000, 2,000, and 3,000 s/mm2

(including 90 diffusion weighting directions and 6 b5 0
acquisitions interspersed throughout each run), while func-
tional connectivity analyses were performed on resting-state
data acquired using a left-to-right phase encoding direction
during the first of two scanning sessions.

All structural data had already been processed according
to the HCP’s minimal preprocessing pipeline, which includ-
ed: spatial artifact/distortion removal, surface generation,
cross-modal registration, and registration to MNI152 stan-
dard space [Glasser et al., 2013]. In addition, resting-state
and diffusion data underwent further subsequent process-
ing as described in Woolrich et al. [2001] and Andersson
et al. [2003], respectively. For the resting-state dataset, this
included: removal of spatial distortions, realignment of vol-
umes to compensate for subjects’ motion, and normalization
of the 4D image to a global mean. For the diffusion dataset,
this included: intensity normalization across runs, EPI dis-
tortion correction, eddy current and motion correction, and
gradient nonlinearity correction.
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Figure 1.

Summary of structural and functional connectivity analysis meth-

ods. A. DWI-based probabilistic tractography analysis. B.

Resting-state functional connectivity analysis. The mPFC segment

of the precuneus and mPFC ROI are an example of a segment

and its corresponding ROI, while the mPFC segment of the pre-

cuneus and AG ROI is an example of a segment and one of its

non-corresponding ROIs. Blue solid lines5 calculation of extent

of white matter connections; orange dashed lines5 calculation

of mean FA between two regions; green solid lines5 calculation

of RSFC between a parcellation segment and ROI. [Color figure

can be viewed at wileyonlinelibrary.com]
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Selection of Regions of Interest

ROI masks for the diffusion and resting-state analyses
were obtained from FSL’s Harvard–Oxford Cortical and
Subcortical Structural probabilistic atlases [Desikan et al.,
2006], as well as the Stanford FIND Lab functional ROI
database [http://findlab.stanford.edu/functional_ROIs.html,
Shirer et al., 2012]; the use of probabilistic atlases in MNI152
provided us the flexibility of choosing an area within each
mask that was highly represented among the population
used to create the atlas. In addition to the precuneus and
thalamus, five ROIs were selected from the DMN as
described by Shirer et al. [2012], including: the angular
gyrus (AG), hippocampus (Hip), midcingulate cortex
(MCC), medial prefrontal cortex (mPFC), and superior fron-
tal gyrus (sFG) (Table I). When assessing connectivity
between the precuneus and regions within the thalamus,
ROI masks were obtained from FSL’s Oxford Thalamic

Connectivity Probability Atlas and included seven subdivi-
sions representing thalamic structural connections to the
occipital lobe, posterior parietal lobe, prefrontal cortex,
premotor cortex, primary motor cortex, sensory cortices,
and temporal lobe [Behrens et al., 2003, Fig. 4B]. ROI masks
obtained from the Cortical Structural, Subcortical
Structural, and Thalamic Connectivity Probability Atlases
(i.e., the AG, Hip, precuneus, sFG, thalamus, and seven
thalamic subdivisions) were thresholded in FSL at 50%
signal intensity. All ROIs were superimposed on a standard
MNI152 T1 2 mm resolution template brain for
visualization purposes (Table I and Figs. 1–8).

Diffusion-Weighted Data Analyses

Diffusion-weighted data was processed using FSL’s dif-
fusion toolbox [FDT, Behrens et al., 2003] and included:

TABLE I. Illustration of the precuneus and thalamus target ROIs, as well as 5 key ROIs within the DMN [as

described in Shirer et al., 2012]. [Color figure can be viewed at wileyonlinelibrary.com]

Full ROI Name ROI ID Illustration of ROI in MNI152 2 mm space

Precuneus Pr

Thalamus Th

Angular Gyrus AG

Hippocampus Hip

Medial Prefrontal Cortex mPFC

Midcingulate Cortex MCC

Superior Frontal Gyrus sFG

ROI masks were obtained from FSL’s Harvard-Oxford Cortical and Subcortical Structural probabilistic atlases [Desikan et al., 2006] and
the Stanford FIND Lab functional ROI database [http://findlab.stanford.edu/functional_ROIs.html, Shirer et al., 2012]. ROI masks
obtained from the probabilistic atlases (i.e. the Pr, Th, AG, Hip, and sFG) were thresholded in FSL at 50% signal intensity. All ROIs are
superimposed on a standard MNI152 T1 2 mm resolution template brain for visualization purposes.
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fitting diffusion tensors to the corrected data, local model-
ing of diffusion parameters by fitting a probabilistic model
to the corrected data, and probabilistic tractography based
on this model. The resulting diffusion tensor images were
then registered to MNI152 standard space with 2 3 2 3

2 mm isotropic resolution.

Structural connectivity of the precuneus and thala-

mus to the DMN

In order to determine how the DMN is structurally rep-
resented in the precuneus and thalamus, dMRI data was
used to segment the precuneus and thalamus based on

Figure 2.

Parcellation map of precuneus structural connectivity to the

DMN, combined across 37 subjects. Across all subjects, each

voxel of the precuneus was assigned to 1 of 6 target DMN ROIs

(including the thalamus) based on the number of white matter

connections to that region. A. Three of the 6 ROIs are repre-

sented on the combined precuneus map, which has been overlaid

on a standard MNI152 2 mm isotropic template (yellow5 thala-

mus, blue5mPFC, red5 hippocampus). B. Parcellation maps

from two representative subjects. C. Variability of segment

volumes across subjects. Individual data points for each subject

and segment are shown on the left. For each precuneus segment,

boxplots on the right illustrate the distribution of volume values

across subjects. The red line indicates the mean within each

group, the edges of the boxes indicate the 25th and 75th percen-

tiles, and the whiskers illustrate the most extreme data points.

*P< 0.05, **P< 0.001, ***P< 0.0001. [Color figure can be viewed

at wileyonlinelibrary.com]
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their probabilistic connectivity to the five other DMN ROIs
and each other. Parcellation maps for each subject were
created using probabilistic tractography in FSL to deter-
mine the number of streamlines (out of 5,000) from each
voxel of (1) the precuneus and (2) the thalamus that had a
50% chance or greater of reaching each target DMN ROI.
Each voxel of the precuneus or thalamus was then
assigned to the DMN ROI that received the highest num-
ber of streamlines (i.e., connections) from that voxel. The
combined voxels representing an ROI defined a parcella-
tion “segment” on the precuneus or thalamus. We deter-
mined the volume of each segment and used descriptive
statistics to describe variability (in terms of mean and stan-
dard deviation) in segment volumes across subjects.

We further determined the degree of structural connec-
tivity between the DMN and either precuneus or thala-
mus. The extent of structural connectivity was first
defined as the mean number of connections reaching a tar-
get DMN ROI from either the precuneus or thalamus. In
addition, the precuneus was divided into ventral, posterior
dorsal, and anterior dorsal regions [as described in Zhang
and Li, 2012] to identify differences in structural connec-
tivity between each DMN ROI and these three subdivi-
sions, where the mean number of connections was
normalized according to the volume of each precuneus

subdivision. In order to correct for the fact that structural
connectivity decreases with distance from each ROI seed
mask, the connectivity distribution between two ROIs was
corrected for the distance between them using a distance
weighting option in FSL’s tractography processing scheme,
as described below:

Connectivity distribution for voxel A5
l

N
;

where l refers to the length of pathways that cross voxel A
(i.e., the number of voxels a streamline passes between
two ROI seed masks), and N refers to the number of
streamlines that cross voxel A. Instead of defining the con-
nectivity distribution as the number of streamlines
between two regions, the distance correction option also
defines the path distribution in terms of the length of
pathways. This ensured the parcellations were driven by
remote connectivity as opposed to local connectivity by
up-weighting streamlines farther from the seed ROI. All
mean number of connections reported in the text include
this distance correction and are reported as the “extent” of
structural connectivity, where distance correction results in
values that are greater than the true number of connec-
tions between two ROIs. Connections between the DMN
and either precuneus or thalamus were further defined in

Figure 3.

Extent of structural connections between the precuneus and 6

target ROIs in the DMN. A: Extent of connections from the

whole precuneus to each DMN ROI (including the thalamus). B:

Extent of connections from the dorsal anterior (blue), dorsal

posterior (red), and ventral (green) regions of the precuneus to

each DMN ROI. The extent of connections from a precuneus

subdivision has been normalized according to the volume of that

particular subdivision. All values have been weighted based on

the distance between ROIs and are therefore greater than the

number of connections without distance correction. *P< 0.05,

**P< 0.01, ***P< 0.001, n.s.5 not significant. [Color figure can

be viewed at wileyonlinelibrary.com]
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Figure 4.

Extent of structural connections between the precuneus and 7

thalamic subdivisions. A: Parcellation map of connectivity

between the precuneus and thalamic subdivisions, combined

across 37 subjects. The posterior parietal (dark blue) and tem-

poral (light blue) divisions of the thalamus are the mostly strong-

ly represented regions in the precuneus (NOTE: the posterior

parietal and occipital subdivision ROIs overlapped considerably).

B. Illustration of thalamic subdivisions (pink5 prefrontal,

yellow5 premotor, red5 primary motor, dark blue5 posterior

parietal, light blue5 occipital, green5 temporal,

brown5 sensory). ROIs were obtained from FSL’s Oxford Tha-

lamic Connectivity Probability Atlas [Behrens et al., 2003],

thresholded in FSL at 50% signal intensity, and superimposed on

a standard MNI152 T1 2 mm resolution template brain for visu-

alization purposes. C: Extent of connections from the whole

precuneus to each thalamic subdivision. D: Extent of connec-

tions from the dorsal anterior (blue), dorsal posterior (red), and

ventral (green) regions of the precuneus to each thalamic subdi-

vision. The extent of connections from a precuneus subdivision

has been normalized according to the volume of that particular

subdivision. All values have been weighted based on the distance

between ROIs and are therefore greater than the number of

connections without distance correction. *P< 0.05, **P< 0.01,

***P< 0.001. [Color figure can be viewed at wileyonlinelibrary.

com]
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terms of the mean fractional anisotropy (FA) value along
the distance-corrected tracts between two regions.

Differences in local functional connectivity density (lFCD)
have been found between men and women among regions
of the DMN, including the ventral precuneus and anterior
thalamus [Tomasi and Volkow, 2012], while an age-related
decrease in functional connectivity has also been observed
in the DMN [Sambataro et al., 2010]. In an effort to deter-
mine if similar differences were observed for structural con-
nectivity between DMN ROIs, a one-way multivariate
analysis of variance (MANOVA) and correlation analyses
were used to identify any effects of gender and age, respec-
tively, on segment volumes and the extent of connections
and FA values between two regions. In addition, mean FA
values were evaluated as a function of extent of connectivity
for each ROI pair. Significance thresholds were corrected for
multiple comparisons (a5 0.05/6 target ROIs5 0.008).

Structural connectivity between the precuneus

and thalamic subdivisions

In order to determine how the precuneus is structurally
connected to different regions within the thalamus, we simi-
larly calculated the number of streamlines from each voxel of

the precuneus that had a 50% chance or greater of reaching
each of seven thalamic subdivisions [as defined according to
the Oxford Thalamic Connectivity Probability Atlas: Behrens
et al., 2003, Fig. 4B]. Each voxel of the precuneus was then
assigned to the thalamic subdivision that received the highest
number of connections from that voxel. The “extent” of struc-
tural connectivity was defined as the mean number of con-
nections with a 50% chance or greater of reaching a thalamic
subdivision from the precuneus. Similar to above, the precu-
neus was divided into ventral, posterior dorsal, and anterior
dorsal regions to identify differences in structural connectivi-
ty between each thalamic subdivision and the three precu-
neus subdivisions, where the mean number of connections
was normalized according to the volume of each precuneus
subdivision and corrected for the distance between the precu-
neus and each thalamic subdivision. We then determined the
mean FA value of connections between two regions. Signifi-
cance thresholds were corrected for multiple comparisons
(a5 0.05/7 thalamic subdivision ROIs5 0.007).

Structural connectivity of thalamic subdivisions

to the DMN

We further investigated whether structural connectivity
between the thalamus and DMN follows thalamocortical

Figure 5.

Resting-state seed-ROI correlation between each of three pre-

cuneus structural segments and the thalamus and DMN ROIs.

The resting-state seed-ROI correlation between two regions

was defined as the Fisher’s z-score averaged and normalized

across subjects. The three stripped bars on the left of the graph

illustrate the resting-state seed-ROI correlation between a pre-

cuneus segment and its corresponding DMN ROI, while solid

bars on the right illustrate seed-ROI correlations between the

three segments and their non-corresponding DMN ROIs. Exact

average normalized z-scores are provided above each bar.

*P< 0.05, **P< 0.001, ***P< 0.0001 indicate significance of the

average normalized z-scores. [Color figure can be viewed at

wileyonlinelibrary.com]
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Figure 6.

Parcellation map of thalamic structural connectivity to the

DMN, combined over 37 subjects. Across all subjects, each

voxel of the thalamus was assigned to 1 of 6 target DMN ROIs

based on the number of white matter connections to that

region. A. Four of the 6 ROIs are represented on the combined

thalamus map, which has been overlaid on a standard MNI152

2 mm isotropic template (yellow5 sFG, blue5mPFC,

red5 hippocampus, green5 precuneus). B. Two representative

subjects are shown on the right. C. Variability of segment

volumes across subjects. Individual data points for each subject

and segment are shown on the left. For each thalamus segment,

boxplots on the right illustrate the distribution of volume values

across subjects. The red line indicates the mean within each

group, the edges of the boxes indicate the 25th and 75th per-

centiles, and the whiskers illustrate the most extreme data

points. *P< 0.05, **P< 0.001, ***P< 0.0001. [Color figure can

be viewed at wileyonlinelibrary.com]
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pathways defined according to the Oxford Thalamic Con-
nectivity Probability Atlas [Fig. 4B, Behrens et al., 2003].
This atlas describes the probabilistic connectivity between
the thalamus and regions throughout the cortex that corre-
spond well with previous anatomical animal studies. For
example, correspondence between tractography findings in
humans and the anatomical results in non-human pri-
mates were observed for connections between the follow-
ing thalamic nuclei: the mediodorsal nucleus and the
prefrontal cortex [Tanaka, 1976; Tobias, 1975], the ventral
posterior nucleus and the somatosensory cortex [Jones and
Powell, 1970], a combined ventral lateral and ventral ante-
rior and the motor cortex [Jones et al., 1979], and between
the combined lateral posterior nucleus and the pulvinar
and the posterior parietal cortex [Jones, 1985]. To identify
which thalamic subdivisions received the most structural
connections from each DMN ROI, we calculated the mean
number of connections from each DMN ROI to each sub-
division of the thalamus. Using the results of our probabil-
istic tractography analysis from the thalamus as a whole
to each DMN ROI (described above in “Structural connec-
tivity of the precuneus and thalamus to the DMN”), each thal-
amus subdivision was used as a mask to isolate
connections along the probabilistic pathway that terminat-
ed in voxels within that subdivision. A student’s t-test

(two-tailed, unequal variances) was then used to deter-
mine which thalamic subdivision(s) received a significant-
ly greater number of connections from a particular DMN
ROI when compared with other subdivisions (significance
thresholds were corrected for multiple comparisons
[a5 0.05/7 thalamic subdivision ROIs5 0.007]). For exam-
ple, if the mPFC ROI was found to have significantly
greater structural connectivity to the frontal lobe subdivi-
sion of the thalamus, it could be concluded that connectiv-
ity between the mPFC and the thalamus follows a known
thalamocortical pathway [as defined by Behrens et al.,
2003] connecting the thalamus to the frontal regions of the
cortex.

Resting-State Data Analyses

Resting-state data was processed using FSL’s fMRI Expert
Analysis Tool (FEAT) and included motion correction
[using FSL’s MCFLIRT tool, Jenkinson et al., 2002], high-
pass temporal filtering (high-pass filter cutoff5 864 s), spa-
tial smoothing (FWHM5 5 mm), and registration to
MNI152 2 3 2 3 2 mm standard space. FILM pre-whitening
was used to minimize the impact of temporal autocorrela-
tion without affecting the functional connectivity results
[Arbabshirani et al., 2014]. Low-pass filtering was not used

Figure 7.

Resting-state seed-ROI correlation between each of four thala-

mus segments and six DMN ROIs. The resting-state seed-ROI

correlation between two regions was defined as the Fisher’s z-

score averaged and normalized across subjects. The four

stripped bars on the left of the graph illustrate the resting-state

seed-ROI correlation between a thalamus segment and its

corresponding DMN ROI, while solid bars on the right illustrate

seed-ROI correlations between the four segments and their

non-corresponding DMN ROIs. Exact average normalized z-

scores are provided above each bar. *P< 0.05, **P< 0.001,

***P< 0.0001 indicate significance of the average normalized z-

scores. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 8.

Summary of structural (red lines) and functional (blue lines) con-

nectivity among the precuneus, thalamus, and DMN. A. Connec-

tivity from the precuneus to thalamus and 5 DMN ROIs. B.

Connectivity from the thalamus to 6 DMN ROIs (including the

precuneus). Differences in connectivity between the precuneus

and thalamus for panel A versus B is a result of our analysis

methods: for structure, the parcellation was completed by only

including connections that started in one ROI and terminated in

a 2nd ROI. This yielded different results when connections

began in the precuneus versus the thalamus (since the precu-

neus ROI contains more voxels, more streamlines were sent to

the thalamus than the smaller thalamus sent out to the precu-

neus, revealing more extensive connections). For function, RSFC

was evaluated between the DMN ROIs and (1) structural seg-

ments of the thalamus and (2) structural segments of the precu-

neus. For example, the overall strength of functional

connectivity from the thalamus to the precuneus was deter-

mined by averaging the z-scores from each thalamus segment to

the precuneus. Since a segment of the thalamus (the “precuneus

segment”) had a much greater RSFC to the precuneus than any

precuneus segments had to the thalamus, Pr-Th connectivity in

Panel B is stronger than in Panel A. This means that from a par-

cellation point-of-view, the thalamus’s structural segments were

more functionally connected to the precuneus than the precu-

neus’ segments were to the thalamus. Structure: strong con-

nectivity> 1.5 3 108 (bold lines), medium connectivity5 5 3

107 to 1.5 3 108 (dashed lines), weak connectivity< 5 3 107

normalized average probabilistic connections (dotted lines).

Function: strong connectivity> 8 (bold lines), medium con-

nectivity5 5 to 8 (dashed lines), weak connectivity< 5 average

normalized z-score (dotted lines). [Color figure can be viewed

at wileyonlinelibrary.com]
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in order to avoid reducing signal strength and sensitivity
[Della-Maggiore et al., 2002; Skudlarski et al., 1999].

Image data from the resting-state scans was used to
assess functional connectivity between structure-based par-
cellation segments identified in the precuneus and thala-
mus and their corresponding DMN ROIs for each subject.
These segments corresponded in the precuneus to the thal-
amus, hippocampus, and mPFC ROIs (Fig. 2), and in the
thalamus to the mPFC, hippocampus, precuneus, and sFG
ROIs (Fig. 6). For each segment—corresponding ROI pair
(e.g., the mPFC segment of the precuneus and mPFC ROI),
we defined the residual time course for each ROI as the
BOLD response remaining after having removed activities
attributable to white matter activity, non-neuronal
responses in the ventricles, and time series of the remain-
ing five non-corresponding DMN ROIs. These unwanted
signals were extracted from the processed resting-state
image data using FSL and removed via a partial correla-
tion analysis using MATLAB’s statistical processing tool-
box (http://www.mathworks.com/products/statistics/),
where the three activities described above served as the
controlling variables. The resulting partial correlation, in
terms of r, between the residual time courses of each seg-
ment and ROI in a pair (e.g., between the residual time
course of the precuneus’ mPFC segment and residual time
course of the mPFC ROI) was taken to define the resting-
state functional connectivity (RSFC) between the two
regions. R-values for each subject were then converted to
Fisher’s z-scores using Fisher’s transform and averaged
across subjects for each segment—ROI pair. Average Fish-
er’s z-scores were normalized using the standard error
mean (SEM); P-values were assigned based on the average
normalized z-score (a5 0.05) for a segment—ROI pair.
Descriptive statistics were used to describe variability of
RSFC across subjects in terms of mean and standard devia-
tion. One-way MANOVA and correlation analyses were fur-
ther used to identify any effects of gender and age,
respectively, on resting-state seed—ROI correlations for
each segment—corresponding ROI pair. Significance thresh-
olds were corrected for multiple comparisons (for precu-
neus segments: a5 0.05/3 precuneus segments5 0.017; for
thalamic segments: a5 0.05/4 thalamic segments5 0.013).

Resting-state partial correlations were also calculated
between each segment and their five non-corresponding
ROIs. For example, separate partial correlations, in terms
of r, were calculated between the mPFC segment of the
precuneus and the (1) AG, (2) hippocampus, (3) MCC, (4)
sFG, and (5) thalamus ROIs. Average normalized Fisher’s
z-scores for each pair were calculated across subjects and
compared with the z-score between the same segment and
its corresponding ROI using a student’s t-test (two-tailed,
unequal variances). This allowed us to identify the pres-
ence of resting-state specificity for each segment, where
specificity was defined as a greater resting-state seed-ROI
correlation (in terms of average normalized Fisher’s z-
score) between a segment and its corresponding ROI when

compared with resting-state seed-ROI correlations between
the same segment and its non-corresponding ROIs.

Finally, the relationship between structure and function
within the DMN (including the precuneus) and with the
thalamus was evaluated by correlating the mean FA value
between a segment and ROI with the RSFC seed-ROI cor-
relation between those same two regions.

RESULTS

Significant results discussed below and their effect sizes
are summarized in Supporting Information Table S1 for
clarity.

Structural connectivity of the precuneus to the

thalamus and DMN

A parcellation map of precuneus structural connectivity
revealed that the thalamus had the strongest representation
in the precuneus, followed by the mPFC and hippocampus
(Fig. 2A, B), whereas the other three DMN ROIs had mini-
mal representation. While the volume of these segments in
the precuneus varied across subjects, the thalamus segment
(68.11%6 16.53% of the total precuneus volume) was signif-
icantly larger (student’s t-test [two-tailed, unequal varian-
ces], P’s< 0.0001, Fig. 2C) than the mPFC (18.94%6 12.31%)
and hippocampus segments (10.72%6 9.57%).

A one-way MANOVA (dependent variables: thalamus,
hippocampus, and mPFC segment volumes; fixed factor:
gender) and correlation analysis found no statistically sig-
nificant effect of gender or age on the volume of these pre-
cuneus segments (P’s> 0.50), respectively.

The extent of connectivity between the precuneus and
DMN was further evaluated based on the number of con-
nections that had a 50% chance or greater of existing
between the precuneus and (1) each DMN ROI and (2) the
thalamus (after correcting for the distance between ROIs,
see Methods Section “Diffusion-Weighted Data Analyses”). In
a similar manner to the parcellation map, results in 37
subjects revealed that the precuneus had significantly
more extensive connections to the thalamus [(20.26 4.2) 3
107] than to any of the other 5 DMN ROIs (one-way
ANOVA and Tukey post-hoc test, P’s< 0.008), followed by
the mPFC [(12.56 4.6) 3 107] and hippocampus
[(10.86 3.4) 3 107, Fig. 3A], which both had significantly
more extensive connections to the precuneus than the
remaining three ROIs (P’s< 0.008). Structural connections
from the thalamus were further found to primarily target
the anterior and posterior dorsal regions of the precuneus
(one-way ANOVA and Tukey post-hoc test, P’s< 0.008,
Fig. 3B). Overall, a one-way ANOVA revealed that the
anterior and posterior dorsal regions of the precuneus
received significantly more extensive connections from the
thalamus than any other DMN ROIs (P’s< 0.008), while
the ventral region received more extensive connections
from the thalamus and mPFC (P’s< 0.008).
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A one-way MANOVA (dependent variables: number of
connections OR FA values between the precuneus and
AG, hippocampus, mPFC, MCC, sFG, and thalamus; fixed
factor: gender) found no significant effect of gender on the
extent or FA of connections between the precuneus and
six target ROIs after correcting for multiple comparisons
(P’s> 0.03). However, a significant positive correlation was
observed between age and mean FA values between the
precuneus and thalamus across subjects (r5 0.173,
P5 0.005), while a significant negative correlation between
age and extent of connections was found between the
same two regions (r520.506, P5 0.001). This suggests a
decrease in the number and increase in the FA of structur-
al connections between the thalamus and precuneus as
age progresses from 23 to 35 years old.

Structural connectivity of the precuneus to

thalamic subdivisions

Given the large structural representation of the thalamus
in the precuneus, we sought to identify which regions of the
thalamus had the most extensive structural connectivity to
the precuneus. Target ROIs were based on thalamic subdivi-
sions described in FSL’s Oxford Thalamic Connectivity
Probability Atlas [Behrens et al., 2003, Fig. 4B]. A one-way
ANOVA and Tukey post-hoc test revealed that the precu-
neus received a significantly greater number of connections
from the occipital, posterior parietal, and temporal subdivi-
sions of the thalamus than any other subdivisions
(P’s< 0.007, Fig. 4C). In addition, thalamic subdivisions
were primarily connected to the anterior and posterior dor-
sal regions of the precuneus (one-way ANOVA and Tukey
post-hoc test, P’s< 0.007, Fig. 4D), thus corroborating struc-
tural connectivity results described between the precuneus
subdivisions and thalamus ROI (see Results section
“Structural connectivity of the precuneus to the thalamus and
DMN”). Despite a correlation being observed between age
and mean FA values between the precuneus and whole thal-
amus ROI (see Results section “Structural connectivity of the
precuneus to the thalamus and DMN”), no correlations
between age and FA or number of connections between the
precuneus and individual thalamic subdivisions were found
(P’s> 0.10).

Resting-state connectivity of the precuneus

structural segments to the thalamus and DMN

In order to determine if strong structural connectivity
underlies significant functional connectivity between the
precuneus and thalamus and between the precuneus and
DMN, we evaluated the RSFC seed-ROI correlation
between each precuneus parcellation segment and its cor-
responding ROI (e.g., between the mPFC segment of the
precuneus and mPFC ROI). Each precuneus segment was
found to have a significant RSFC seed-ROI correlation
with its corresponding ROI (11.50>normalized average z-

scores> 3.59, P’s< 0.001, Fig. 5 left). While tractography
revealed that the precuneus had a stronger structural con-
nection with the thalamus than with DMN ROIs, RSFC
revealed that the precuneus exhibited greater functional
connectivity with DMN ROIs (i.e., the AG, mPFC and hip-
pocampus) than with the thalamus. Even the precuneus’
thalamus segment exhibited stronger RSFC with the AG
than with the thalamus itself (student’s t-test [two-tailed,
unequal variances], P< 0.001).

No significant effect of gender (one-way MANOVA;
dependent variables: resting-state seed-ROI correlations
between precuneus segments [hippocampus, mPFC, thala-
mus] and corresponding ROIs [hippocampus, mPFC, thal-
amus]; fixed factor: gender) was found on RSFC between
the precuneus segments and corresponding ROIs. Howev-
er, a significant negative correlation was found between
age and RSFC between the precuneus’ thalamus segment
and thalamus (r520.418, P5 0.01), where RSFC between
the two regions decreased with age.

Each precuneus segment had variable RSFC to its non-
corresponding ROIs. Across precuneus segments, the stron-
gest RSFC seed-ROI correlations in addition to the AG were
with the hippocampus and mPFC ROIs (11.44> average nor-
malized z-scores> 3.653, P’s< 0.001, Fig. 5 right). The precu-
neus’ thalamus segment exhibited a significant RSFC seed-
ROI correlation to all other DMN ROIs (11.44> average nor-
malized z-scores> 1.98, P’s< 0.05). However, RSFC in the
hippocampus segment was not significantly correlated with
activity in the MCC and sFG (P’s> 0.10), while the mPFC
segment exhibited non-significant correlations to the sFG
and thalamus (P’s> 0.10).

Structural connectivity of the thalamus

to the DMN

Results revealed a highly symmetrical representation of
the hippocampus, sFG, precuneus, and mPFC across both
hemispheres of the thalamus (Fig. 6A, B). This coincided
with the four DMN ROIs having a significantly more exten-
sive connections to the thalamus [hippocampus average
number of connections5 (10.36 2.1) 3 107; sFG5 (10.36
2.4) 3 107; precuneus5 (9.96 1.9) 3 107; mPFC5 (7.86 1.4)
3 107] than the MCC5 (4.26 3.9)3 106 and AG5 (3.26 1.3)
3 106 (one-way ANOVA and Tukey post-hoc test,
P’s< 0.008). Within the thalamus, the hippocampus segment
(33.06%6 10.55% of total thalamus volume), sFG segment
(30.34%6 9.32%), and precuneus segment (25.20%6 9.71%)
all had a significantly greater volume than the mPFC seg-
ment (11.36%6 5.15%, P< 0.0001, Fig. 6C).

A one-way MANOVA (dependent variables: hippocam-
pus, mPFC, sFG, and precuneus segment volumes; fixed
factor: gender) found no significant effect of gender on the
volume of the thalamus segments (P’s> 0.10). However,
significant correlations were found between age and vol-
ume of the mPFC segment (r5 0.496, P5 0.002) and precu-
neus segment (r520.404, P5 0.013), where older subjects
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exhibited a larger mPFC segment and smaller precuneus
segment.

The AG, hippocampus, mPFC, sFG, and precuneus all
had a similar extent of connections to both hemispheres of
the thalamus (student’s t-test [two-tailed, unequal vari-
ance], P’s> 0.05), whereas the MCC was more strongly
represented in the right thalamus (P5 0.0001). A signifi-
cant negative correlation was found between the average
extent of connections and mean FA value between the
thalamus and combined DMN ROIs (r520.218,
P5 0.0011), where DMN regions with more extensive con-
nections to the thalamus exhibited lower FA values; this
was similar to the finding that FA and extent of connec-
tions between the precuneus and thalamus varied inverse-
ly with age (see Results section “Structural connectivity of the
precuneus to the thalamus and DMN”).

When compared with thalamic subdivisions defined in
the Oxford Thalamic Connectivity Probability Atlas (Fig.
4B), the location of each DMN segment was consistent
with previously identified cortical and thalamic endpoints
of white matter connections between the thalamus and
cortex [Behrens et al., 2003]: when compared with other
thalamic subdivisions, thalamus voxels projecting to the
mPFC and sFG were primarily contained in the thalamic
subdivision that projects to the pre-frontal cortex (see
Methods section “Diffusion-Weighted Data Analyses,”
P’s< 0.01); precuneus connectivity was mainly associated
with the thalamic subdivision that projects to the posterior
parietal lobe (P’s< 0.01); and thalamus voxels projecting to
the hippocampus were primarily located in a subdivision
that projects to the temporal lobe (P’s< 0.01).

Resting-state connectivity of the thalamus

structural segments to the DMN

In the same manner as the precuneus, the RSFC seed-
ROI correlation between each parcellation segment of the
thalamus and its corresponding DMN ROIs were deter-
mined and compared with correlations with the remaining
five non-corresponding ROIs. The hippocampus, precu-
neus, and sFG segments of the thalamus had significant
RSFC seed-ROI correlations with their corresponding ROIs
(30.65> average normalized z-scores> 3.20, P’s< 0.05, Fig.
7 left). The precuneus segment of the thalamus further
exhibited the strongest RSFC correlation to the precuneus
ROI when compared with the other 5 ROIs (student’s t-
test [two-tailed, unequal variance], P< 0.0001).

No significant effect of gender (one-way MANOVA;
dependent variables: resting-state seed-ROI correlations
between thalamus segments [mPFC, hippocampus, sFG,
and precuneus] and corresponding ROIs [mPFC, hippo-
campus, sFG, and precuneus]; fixed factor: gender) and no
significant correlations were found between age and RSFC
between the thalamus segments and corresponding ROIs
(P’s> 0.20).

Across thalamus segments, the strongest RSFC correla-
tions to their non-corresponding segments were with the
hippocampus and precuneus ROIs (hippocampus:
6.29> average normalized z-scores> 4.256, P’s< 0.0001;
precuneus: 4.84> average normalized z-scores> 2.039,
P’s< 0.05), while the AG consistently exhibited the lowest
RSFC connectivity to all segments of the thalamus
(1.32> average normalized z-scores> 0.03, P’s> 0.10, Fig. 7
right). The RSFC in the mPFC ROI was also consistently
negatively correlated with resting-state activity across the
thalamus segments.

Comparing structure and function between the

precuneus, thalamus, and DMN

In order to directly evaluate the relationship between
structure and function within the DMN (including the pre-
cuneus) and with the thalamus, we correlated the mean
FA value between a segment and ROI with the RSFC
seed-ROI correlation between those same two regions.
Since it is possible that the extent of connections was influ-
enced by the use of distance correction during tractogra-
phy (where streamlines between proximate ROIs were
down-weighted compared with streamlines between ROIs
farther apart from one another; the opposite effect would
have occurred without the use of distance correction), we
chose to use a structural metric that was not affected by
our tractography methodology. While both FA and the
extent of connections may be influenced by a crossing-
fiber effect (further described in the Discussion), FA repre-
sents the least-processed metric. Mean FA and RSFC seed-
ROI correlation values were thus evaluated across subjects
for each segment—corresponding ROI pair. Across all
three precuneus segments and all four thalamic segments,
no significant correlations were found between mean FA
value and RSFC seed-ROI correlation (P’s> 0.10).

DISCUSSION

Here, we show strong structural and functional connec-
tivity between the precuneus and the thalamus, as well as
a structural representation of the DMN in both these
regions. This is consistent with white matter pathways
between the precuneus and thalamus and key regions of
the DMN mediating their functional interactions. Howev-
er, while the patterns between structural and functional
connections were similar for some DMN ROIs, this was
not the case for others. Most notably, we show that where-
as the precuneus was most strongly structurally connected
to the thalamus and minimally connected with the AG,
the strongest functional connectivity of the precuneus was
with the AG, mPFC and hippocampus. This differs from
our findings of connectivity between the thalamus and
AG, which showed consistently weak structural and func-
tional connectivity, corroborating prior results by others
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[Greicius et al., 2009]. These patterns of connectivity are
summarized in Fig. 8 and described in more detail below.

Functional vs. Structural Connectivity

Previous studies have established a functional interac-
tion between the precuneus and thalamus during changes
in consciousness [Arthuis et al., 2009; Crone et al., 2015;
Hannawi et al., 2015; He et al., 2014; Vanhaudenhuyse
et al., 2010; Xie et al., 2011; Zhang and Li, 2012]. Here, we
identified a map of structural and functional connectivity
between these two regions. While both the precuneus and
thalamus were found to be highly structurally connected
to each other as well as to the hippocampus, mPFC, and
sFG (in the case of the thalamus), our work found that
strong structural connectivity did not always translate into
strong functional connectivity between two regions.
Indeed, while structural connectivity of the precuneus
with the thalamus was the strongest when compared to
connectivity with the DMN ROIs (where connectivity to
the thalamus accounted for 68.11% of the precuneus vol-
ume as compared with the mPFC, which was the second
strongest but accounted for only 18.94%), functional con-
nectivity to the precuneus was stronger with the DMN
ROIs (AG, mPFC, and hippocampus) than with the thala-
mus. This apparent discrepancy might reflect the fact that
the thalamus and precuneus are highly connected regions
that serve as hubs to which the signals from multiple
resting-state networks converge [Bell and Shine, 2015]. As
a result, despite the strong structural connectivity between
them, they might appear to have less functional connectiv-
ity because of the mixing of incoming signals from the
various networks with which they interact [Jbabdi et al.,
2015; Schaefer et al., 2014].

Nevertheless, there was an overall significant correspon-
dence between functional and structural connectivity path-
ways connecting the precuneus and thalamus. Significant
RSFC seed-ROI correlations were found along pathways
between some segments of the precuneus and thalamus
and their corresponding ROIs. This may hint at a degree
of resting-state specificity, where a DMN ROI often has
the strongest RSFC seed-ROI correlation with areas in the
precuneus and thalamus that receive the most structural
connections from that ROI. However, specifically correlat-
ing the mean FA value between a precuneus or thalamus
segment and its corresponding ROI with the strength of
RSFC between the same two regions found no significant
relationships. This is clearly illustrated in in the case of the
AG, which maintains highly significant functional but low
structural connectivity with the precuneus. As discussed
above, these results may reflect signal interference among
incoming signals from various functional networks with
which they are connected.

Our finding that functional connectivity from the precu-
neus and thalamus to the DMN does not always follow
structural connectivity as delineated by DTI differs from

prior results reporting a significant relationship between
RSFC and DTI connectivity between regions within the
DMN [Greicius et al., 2009]. This prompts the notion that
functional connectivity from the precuneus and thalamus
to the rest of the DMN may occur via indirect axonal path-
ways or along smaller interneuron contacts [Cavanna and
Trimble, 2006]. Functional connectivity may also be pre-
dominantly mediated though cortico-cortical connections,
many of which are located in superficial white matter
tracts that cannot be measured by tractography [Reveley
et al., 2015]. In this respect, it was interesting that the AG
had very low structural and functional connectivity with
the thalamus, which was distinct from the other DMN
regions. Finally, differences between structural and func-
tional connectivity among the thalamus, precuneus, and
DMN ROIs may reflect dynamic shifts in functional con-
nectivity for hub regions in the brain [Thompson and
Fransson, 2015; Yang et al., 2014].

We further found a strong negative correlation between
the extent of probabilistic white matter connections and
mean FA values, a phenomenon that was observed
between the precuneus and thalamus, where increasing
age from 23 to 35 years old was correlated with an
increase in FA but decrease in the extent of connections
between the two regions. This finding may be interpreted
in two ways: (1) as evidence of white matter maturation
within our young adult population as age advances [Bar-
nea-Goraly et al. 2005], or (2) that smaller, denser connec-
tions may exist in regions with fewer major white matter
pathways that help modulate functional connectivity
between the thalamus, precuneus, and DMN and which
cannot be resolved with current MRI strategies (see Meth-
odological Considerations for further discussion).

Thalamus–Precuneus Connectivity

Impairment of consciousness has often been associated
with deficits in the precuneus and thalamus [Crone et al.,
2013]. We found a strong structural relationship between
these two regions that could act as a pathway for modula-
tion between the two during impaired consciousness. The
precuneus primarily connects to regions of the thalamus
that project to the parietal and occipital lobes—the same
region occupied by the precuneus. This further suggests
that connectivity between the precuneus and thalamus fol-
lows known thalamocortical pathways [as described in the
Oxford Thalamic Connectivity Probability Atlas: Behrens
et al., 2003]. These structural pathways are complemented
by a significant RSFC seed-ROI correlation between the
precuneus segment of the thalamus and precuneus, as
well as between the thalamus segment of the precuneus
and thalamus, confirming that the regions are in fact func-
tionally connected.

We also found significant structural connectivity of both
the precuneus and thalamus to the mPFC. Disruptions in
connectivity of these areas have been hypothesized to
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contribute to reduced consciousness [Crone et al., 2013].
Changes in structural connectivity in the DMN and along
pathways connecting the precuneus and thalamus have
further been correlated with behavioral signs of awareness
in patients with disorders of consciousness [Fernandez-
Espejo et al., 2012].

Thalamic connectivity to the DMN

The DTI findings on thalamic connectivity with the
DMN are consistent with the thalamic origin and cortical
endpoints of previously reported white matter thalamo-
cortical tracts [Behrens et al., 2003]. The DTI analyses
showed that the thalamus was most strongly connected to
the precuneus, hippocampus, mPFC, and sFG. The largest
hippocampus segment fell within the dorsal medial tha-
lamic nucleus—a region associated with consciousness.
The mesocircuit model [Giacino et al., 2014; Schiff, 2010]
proposes that projections from the “arousal” system (i.e.,
basal forebrain and brainstem) and frontal network con-
verging on the central thalamus help regulate conscious-
ness [Schiff, 2008].

The DMN is associated with several functions including
mind wandering and thinking [Christoff et al., 2009; Espo-
sito et al., 2006]. The regions that are part of the DMN are
inconsistently reported across studies, which has led to the
suggestion of subsystems within the DMN. Among the
regions that are not typically associated with the DMN but
are occasionally included as a DMN region is the thala-
mus. Since prior studies [Hutchinson et al., 1999; Singh
and Fawcett, 2008] have shown that regions of the DMN
are deactivated with task performance (a finding that
could be interpreted to reflect that they are deactivated
since they are not critical for the task), this suggests that a
DMN subsystem that includes the thalamus under condi-
tions of decreased alertness or arousal may also play an
important role in switching between internal and external
awareness. The strong structural connections identified
between the thalamus and regions key to consciousness
[e.g., precuneus, hippocampus, and mPFC which is impor-
tant in self-referential thought—Kurczek et al., 2015] sup-
port the notion described in a previous study [Fernandez-
Espejo et al., 2012] that the thalamus plays a role in modu-
lating the DMN during impaired consciousness.

Connectivity findings with the Angular Gyrus

The AG is a brain region that is fundamental for seman-
tic processing [Seghier et al., 2010]. However, recent neu-
roimaging studies suggest that the AG serves a more
general function besides its semantic processing role. Spe-
cifically, it has been proposed that the AG serves as a buff-
er of incoming internal or external information
[Humphreys and Lambon Ralph, 2014]. As such, the AG
is considered to be among the highest functionally con-
nected areas in the brain [Buckner et al., 2009]. Consistent

with this, we showed that the AG has among the strongest
functional connectivity of the DMN ROIs with the precu-
neus. In contrast, a structural analysis revealed weak
structural connectivity of the AG with the precuneus and
thalamus. This suggests that connectivity of the AG might
be mediated indirectly though cortico-cortical connections
rather than predominantly relying on connections through
white matter fibers, which are the ones being measured by
DTI.

Methodological Considerations

Low structural connectivity between nearby regions
could reflect the distance correction implemented during
tractography, where streamlines between the precuneus
and AG were down-weighted compared with those
between other thalamic and DMN ROIs. However, the
posterior (temporal and parietal) partitions of the thalamus
demonstrated strong connectivity with the very proximal
ventral precuneus, suggesting that distance correction may
not be driving the lack of connectivity between the precu-
neus and the AG. In addition, results obtained from trac-
tography without distance correction (see Supporting
Information) similarly illustrate low structural connectivity
between the precuneus and AG. Results concerning low
structural connectivity to the AG may also reflect an
inability to completely resolve crossing fibers that connect
the AG to the precuneus and thalamus using a tractogra-
phy analysis [Greicius et al., 2009; Mori and Zhang, 2006;
Peled et al., 2006]. Alternatively it could reflect the possi-
bility that fibers connecting the precuneus and AG might
be located in superficial white matter tracts and hence are
not accessible for detections with current DTI methods
[Reveley et al., 2015]. This leaves the question of whether
the above described AG findings are a consequence of our
tractography methodology, or are an indication that con-
nectivity of the AG to the precuneus and thalamus occurs
via indirect connections or via cortico-cortical connections
that are not detected by DTI and probabilistic tractogra-
phy. It is also possible that recently identified differences
in connectivity between the anterior versus posterior sub-
division of the AG and DMN explain our low structural
connectivity results: Uddin et al., 2010 found that the AG’s
anterior subdivision had significantly lower structural con-
nectivity to regions in the DMN than the posterior seg-
ment. Not distinguishing between the two subdivisions
could thus result in a misrepresentation of structural con-
nectivity between the AG and other target ROIs.

In a similar manner, the finding of a negative correlation
between mean FA and the extent of connections between
the precuneus and thalamus coincides with the theory that
mean FA decreases with an increasing number of connec-
tions due to a cross-fiber effect that cannot be resolved
with standard tensor algorithms [Oouchi et al., 2007]. This
crossing-fiber effect would mean that an observed decrease
in mean FA does not indicate a decrease in fiber integrity,
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but is instead a result of an increase in white matter con-
nections that cannot be correctly resolved. Accordingly,
the increase in mean FA (and decrease in extent of connec-
tions) observed with increasing age may be a product of
the reduction in the number of fibers and the limitations
of our tractography methodology. This possible limitation
also applies to the finding of a significant negative correla-
tion between the extent of connections and mean FA value
between the thalamus and combined DMN ROIs.

CONCLUSION

Structural connectivity between the precuneus, thala-
mus, and DMN in healthy subjects provides a baseline for
studying the effect of disorders that affect consciousness
or interfere with self-awareness (such as addiction). In
cases of impaired consciousness (including minimally con-
scious, vegetative, and coma states), future work should
determine if functional changes among the DMN, precu-
neus, and thalamus are related to changes within these
structural connections. Further work is also needed to
understand the relationship between structural and func-
tional connectivity for hubs that are dynamically changing
as a function of brain activity, including consciousness.
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