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Abstract
A resting-state network centered at the precuneus has been recently proposed as a precuneus network (PCUN) or “parietal 
memory network”. Due to its spatial adjacency and overlapping with the default mode network (DMN), it is still not con-
sensus to consider PCUN and DMN separately. Whether considering PCUN and DMN as different networks is a critical 
question that influences our understanding of brain functions and impairments. Previous resting-state studies using multiple 
methodologies have demonstrated a robust separation of the two networks. However, since there is no gold standard in justi-
fying the functional difference between the networks in resting-state, we still lack of biological evidence to directly support 
the separation of the two networks. This study compared the responses and functional couplings of PCUN and DMN when 
participants were watching a movie and examined how the continuity of the movie context modulated the response of the 
networks. We identified PCUN and DMN in resting-state fMRI of 48 healthy subjects. The networks’ response to a context-
rich video and its context-shuffled version was characterized using the variance of temporal fluctuations and functional con-
nectivity metrics. The results showed that (1) scrambling the contextual information altered the fluctuation level of DMN and 
PCUN in reversed ways; (2) compared to DMN, the FC within PCUN showed significantly higher sensitivity to the contextual 
continuity; (3) PCUN exhibited a significantly stronger functional network connectivity with the primary visual regions 
than DMN. These findings provide evidence for the distinct functional roles of PCUN and DMN in processing context-rich 
information and call for separately considering the functions and impairments of these networks in resting-state studies.
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Introduction

Resting-state networks (RSNs) characterize large-scale brain 
networks and have been widely investigated in resting-state 
fMRI (Biswal et al. 1995; Fox et al. 2005; Golland et al. 
2007). Among the commonly investigated RSNs, a “Precu-
neus Network”(PCUN), or the so-called “Parietal Memory 
Network” (Gilmore et al. 2015), has recently been argued as 
a functional independent RSN from the well-known default 
mode network (DMN), although it is spatially adjacent and 
even overlapping with the DMN in some regions (Hu et al. 
2016; Yang et al. 2014). The proposed network conforms to 
the existing RSN atlas. For instance, the regions of PCUN 
are not assigned to DMN in Yeo’s RSN templates (Yeo 
et al. 2011). Previous studies have indicated the differences 
between these two RSNs (Power et al. 2011; Shirer et al. 
2012; Smith et al. 2013; Yeo et al. 2011). There is also evi-
dence that the regions of PCUN have a different life-span 
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development trajectory (Yang et al. 2014) and can be sepa-
rated from the DMN in resting-state fMRI data with multiple 
methodologies (Hu et al. 2016; Yeo et al. 2011), suggesting 
that the PCUN may play a different functional role than the 
DMN. However, since there is no gold standard in resting-
state data to justify the validity of the parcellation of RSNs, 
the separation of PCUN and DMN has not reached a con-
sensus in most resting-state studies. Clarifying this issue 
is important because the segregation between the PCUN 
and DMN is not only a question of how to parcel the brain 
networks but also an issue related to our understanding of 
the pathophysiology of mental disorders. Confusing the two 
RSNs may bias our understandings of brain function (Jones 
et al. 2016; Manoliu et al. 2014).

The PCUN consists of the precuneus, middle cingulate 
cortex, posterior inferior parietal lobule, and dorsal angular 
gyri. The DMN has been related to the internally directed 
cognitive processes (Andrews-Hanna et al. 2010; Buckner 
et al. 2008; Laird et al. 2011) and is sensitive to mental state 
changes or diseases (Greicius et al. 2004; Menon 2011; Pad-
manabhan et al. 2017), whereas the regions of PCUN have 
been primarily associated with memory functions and detec-
tion of novelty (Chen et al. 2017; Gilmore et al. 2019; Gil-
more et al. 2015; McDermott et al. 2017). However, whether 
these regions should be attributed to PCUN and whether 
the PCUN should be deemed as a separated network in the 
resting-state study have not been clarified.

In recent years, a paradigm that uses natural stimuli, such 
as commercial movies, oral speech, or photos of daily life, 
has become popular (Huth et al. 2016; Peelen et al. 2009; 
Vanderwal et al. 2017; Vanderwal et al. 2015; Wilson et al. 
2008). In contrast to repetitive task paradigms such as the 
go/no-go paradigm or the N-back paradigm, the natural 
stimuli paradigm presents multiple stimuli simultaneously 
to guide the subjects into a ‘natural mental state’, which is 
relatively close to the mental state people experience during 
real life. The natural stimuli paradigm can synchronize brain 
activity across subjects (Hasson et al. 2004; Lankinen et al. 
2014; Simony et al. 2016) to control the physiological noise 
(Vanderwal et al. 2015). The natural stimuli paradigm, there-
fore, provides an alternative way to reveal the functional 
organization of the human brain.

In this study, we examined the functional roles of the two 
RSNs, PCUN and DMN, in the real-life context. It would be 
more convincing to deem the PCUN and DMN as different 
RSNs if they behaved differently in real-life information pro-
cessing. As reviewed above, the core regions of PCUN have 
been related to the formation of memory, personal experi-
ence of novelty; while, DMN is related to the spontaneous 
internally directed thought. Watching a movie with intact 
stories would guide subjects to immersively comprehend 
the story. During continuously comprehending the story, 
subjects occasionally need to recall previous stories or feel 

familiar, so the PCUN’s representative time series would 
be fluctuating. DMN would be consistently activated as the 
subjects were continuously relating the story to themselves, 
resulting in the stable representative time series of DMN. 
Watching a storyline-scrambled movie would suppress the 
representative time series of DMN because attention would 
be directed to remember, recall and infer the story. In such 
condition, PCUN would be stably activated since it consist-
ently takes part in the memory-retrieval process. We hypoth-
esized that (1) during watching a movie presenting intact 
storyline, DMN would be stably active as the participants 
are devoting themselves to the story; DMN’s representative 
time series would be suppressed by the increased cognitive 
load when viewing the storyline-scrambled movie, and (2) 
compared with when watching a movie with intact story, the 
PCUN would be more consistently activated to handle the 
memory-retrieval and old/new comparison processes during 
watching the storyline-scrambled movie. To examine these 
hypotheses, we characterized and compared the representa-
tive time series fluctuations of the PCUN and DMN when 
subjects watched a movie and its temporally scrambled ver-
sion. The two conditions shared identical visual properties 
but were different in whether they conveyed continuous, 
comprehensible stories. To reveal the difference in respond-
ing representative time series patterns between the PCUN 
and DMN, we compared the variance of their representative 
time series in the two conditions. A visual network, which 
is commonly observed in the medial visual cortex (Calhoun 
et al. 2008a; Smith et al. 2009; Van Den Heuvel et al. 2009), 
was used as a reference network. This network also showed 
high inter-subject consistency when being examined in the 
naturalistic paradigm (Hasson et al. 2004). Besides, the 
function of this network is the most relevant to neural pro-
cessing of the visual contents, and the visual contents of the 
two movie conditions were well matched. We assumed that 
the responses of the medial visual network (mV) to different 
movie conditions were the most similar among all the RSNs. 
The functional coupling among the PCUN, the DMN, and 
the mV was also compared.

Materials and methods

Subjects

The research was approved by the ethics committee of the 
Institute of Psychology, Chinese Academy of Science. Forty-
eight subjects (23 males, 25 females, mean age 25.6 ± 4.9) 
were recruited from the local community. A phone screening 
interview assessing the medical history, the family medical 
history, and other relevant neuropsychological states of the 
subjects was conducted before they participated in the study. 
Exclusion criteria included (1) the presence of neurological 
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or psychiatric conditions; (2) a history of drug or alcohol 
dependence; and (3) a history of MRI-incompatible condi-
tions. All subjects signed the informed consent before par-
ticipating in the experiment.

Experimental design

The experiment includes one resting-state and two movie-
watching conditions. To avoid introducing cognitive con-
tent or emotional states into the resting-state condition, the 
resting-state scans were always conducted before the movie-
watching scans and right after the T1-weighted anatomical 
scans. Two natural movie clips were presented to the sub-
jects in the movie-watching conditions. One movie clip con-
sisted of 6 public interest advertisements (called a normal 
movie). As depicted in Table 1, the length of the advertise-
ments ranged from 30″ to 2′01″, and the total length of the 
video clip was 7′49″. The other movie clip was a shuffled 
version of the first clip. Each advertisement was temporally 
cut into 1-s segments, and the segments were randomly shuf-
fled and concatenated to generate the scrambled version. 
The 6 scrambled advertisements were then concatenated to 
generate the random movie. The presentation order of the 
two movie clips was counterbalanced among subjects.

Data acquisition

All images were collected using a 3T GE MR750 MRI 
scanner at the Institute of Psychology, Chinese Academy 
of Science. A high-resolution structural scan was acquired 
using a T1-weighted sequence (matrix = 256 × 256, slice 
thickness = 1.0 mm, no gap between slices). The resting-
state scan was acquired with an echo-planar imaging (EPI) 
sequence (42 axial interleaved slices, acquisition direction 
was from bottom to top, FOV = 220 mm, matrix = 64 × 64, 
slice thickness/gap = 3.5/0.5 mm, TR/TE = 2000/30 ms, flip 
angle = 90°, 300 volumes in total). During the resting-state 
scan, the subjects were instructed to lie in the scanner and 
look at the white fixation, which was placed in the center of 
the black background. Functional scans for movie-watching 
conditions were also acquired with an EPI sequence (42 

axial interleaved slices, from bottom to top, FOV = 220 mm, 
matrix size = 64 × 64, slice thickness = 3.0 mm, no gap, 
TR/TE = 2000/30  ms, flip angle = 70°, 236 volumes in 
total). During the movie-watching scans, the subjects were 
instructed to watch the movie as in daily life.

Preprocessing

The data preprocessing for T1 images includes several 
generic steps conducted by the connectome computation 
system (CCS) (Xu et al. 2015). The structural images were 
first preprocessed by the Volbrain (http://volbr​ain.upv.es) 
(Manjón and Coupé 2016) to extract the brain tissue. Then, 
the tissue segmentation of the structural image was per-
formed using FreeSurfer (Fischl 2012). All T1 images were 
normalized to MNI152 space using advanced normalization 
tools (ANTs) (Avants et al. 2011).

For the fMRI data, the preprocessing steps include: (1) 
dropping the first 5 TRs for the equilibrium of the mag-
netic field; (2) despiking; (3) slice timing; (4) reorienting 
the image into RPI orientation; (5) correcting head motion 
to the average time series; (6) removing the skull; (7) grand 
mean scaling to 10,000; (8) segmenting the white matter 
(WM) and cerebral–spinal fluid (CSF); (9) estimating the 
head motion parameters; (10) extracting the average WM 
signal and CSF signal by applying the tissue mask from step 
9; (11) removing the contribution of head motion, WM and 
CSF to the BOLD signals by implying a regression model; 
(12) band-pass filtering with 0.01–0.1 Hz; (13) detrending; 
and (14) 6-mm spatial smoothing.

Independent component analysis

The preprocessed resting-state fMRI dataset was first 
decomposed into independent components (ICs) using the 
MELODIC module in FSL (Beckmann and Smith 2004). 
To minimize the influence introduced by the preprocess-
ing steps that may cause signal mixing across voxels, the 
preprocessing for the resting-state dataset only included the 
steps from (1) to (7) as well as the 0.01–0.1-Hz band-pass 
filtering. Previous study showed that concatenating datasets 

Table 1   A summary of the advertisements included in the natural movie stimuli

Order Name Duration in second Description

1 Animal Humane Society 30 Cute cats in an animal welfare facility
2 The World is Where We Live 52 Side-by-side clips of the human world and the animal world to 

show the connection between humans and wildlife
3 A Love Story in Milk 121 A love story between two milk bottles
4 Water ink 87 Painting with water and black ink
5 50 Years of Flower Power 112 A story about the Struggle for Human Rights in the last 50 years
6 You can help save the Cerrado 65 Fingertut demonstrating the wildlife

http://volbrain.upv.es
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from different subjects and run group-level ICA could split 
the DMN into an anterior and posterior component (Hu et al. 
2016). The PCUN could be obtained in such an approach 
though. Thus, the decomposition step was run separately 
over the resting-state fMRI data for each subject. The num-
bers of ICs were automatically estimated by MELODIC 
and therefore varied across subjects. We used a data-driven 
tool, gRAICAR, to align the ICs among subjects. Briefly, 
gRAICAR (Yang et al. 2008; Yang et al. 2012) assessed the 
mutual information between all possible pairs of ICs among 
subjects and assigned all ICs to several groups according to 
the similarity. A spatial map was generated for each group 
of ICs by weighted averaging all ICs within that group. This 
map was thereby called an aligned component (AC). Subse-
quently, all ACs were ranked according to their consistency 
across subjects.

Identify the PCUN and DMN

The DMN and PCUN were selected manually according to 
the following rules: (1) The AC is similar to the spatial pat-
tern that was discovered in previous studies. (2) The AC rep-
resenting the DMN/PCUN has a relatively high intersubject 
consistency. (3) The activating region of the AC is located 
in gray matter and covers the anchor regions of the DMN/
PCUN. According to previous studies, the anchor regions 
of the DMN include the posterior cingulate cortex (PCC), 
lateral parietal cortex (LPC), and medial prefrontal cortex 
(MPFC) (Calhoun et al. 2008a, b; Raichle 2015). The anchor 
regions of the PCUN included the PCU, mid-cingulate cor-
tex (MCC), posterior inferior parietal lobule (pIPL), and 
dorsal angular gyrus (dAG) (Gilmore et al. 2015).

Representative time series of the PCUN and DMN 
in movie conditions

Briefly, the network representative time series of the PCUN 
and DMN in the normal and random movie conditions were 
derived using a regression model, as implemented in the 
dual-regression approach (Beckmann et al. 2009; Zuo et al. 
2010), the detail is shown below. The previously matched 
IC maps in the resting-state fMRI data were converted into 
Z scores and were spatially transformed into the native space 
of the movie-watching data using ANTs. The transformed IC 
maps were used as regressors to interpret the preprocessed 
fMRI data in movie-watching conditions. By including all 
the ICs decomposed by ICA into the regression model, the 
contribution of each component could be modeled, including 
those representing irrelevant signals (e.g., signals from white 
matter and cerebrospinal fluid). This step resulted in a set of 
representative time series. The derived representative time 
series informed the contributions of the ICs to the observed 
signal under movie watching conditions.

Temporal variance of the RSN representative time 
series

We compared the variance of the network representative 
time series of the PCUN and DMN that were extracted 
from the regression model, which reflected the fluctuation 
level of the networks while watching movies. The variance 
metrics were calculated separately for normal and random 
movie conditions. Repeated-measure ANOVA was applied 
to examine the interaction effect between the movie type 
and networks. We also introduced the mV as a reference to 
rule out systematic bias in the analysis. This network was 
the most consistent IC in resting-state scans across subjects, 
and it covered the primary visual regions. Due to its role in 
primary visual processing, the mV was expected to reveal 
no difference in the variance of network representative time 
series between the two movie conditions.

Functional network connectivity between the PCUN 
and DMN

We investigated how the two RSNs changed their functional 
coupling when different movies were watched. The strength 
of the functional coupling between the PCUN and DMN was 
measured using the functional network connectivity (FNC). 
For each subject, we calculated Pearson’s correlation coef-
ficient between the network representative time series of the 
DMN and PCUN obtained from the regression model. The 
correlation coefficient was then transformed into Fisher’s Z 
score to represent the FNC. The FNCs between the PCUN 
and DMN were compared across the normal and random 
movie conditions. Besides, we calculated the FNCs between 
the mV and the two RSNs under the movie-watching condi-
tions. Repeated-measure ANOVA was applied to examine 
whether the PCUN and DMN are differently involved in 
visual processing under movie-watching conditions.

Functional connectivity within the DMN and PCUN

To further examine the functional connectivity (FC) within 
and between RSNs, we parceled the two RSNs into regions 
of interest (ROIs) and examined the interregional FC. Two 
steps were implemented to define the ROIs within the RSNs. 
First, the spatial maps of the three RSNs (DMN, PCUN, 
mV) obtained in gRAICAR were thresholded at |Z| > 2 to 
identify the core regions. To be consistent with previous 
studies, we then defined the centers of the ROIs according 
to the scheme proposed by Power et al. (2011). Those ROIs 
falling into the thresholded RSN maps were assigned to the 
corresponding RSNs. Note that the ICA-derived RSN maps 
contain overlapped regions between the PCUN and DMN, so 
the ROIs falling into the overlapping regions were excluded 
from the current ROI analysis. The time series of the ROIs 
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were obtained by averaging the voxel-wise time series within 
a sphere surrounding the centers of the ROIs. The radius 
of the sphere was 6 mm. Pearson’s correlation coefficients 
between the time series were calculated and transformed 
into Fisher’s Z values to measure the FC between the ROIs. 
With these measures, an inter-ROI FC matrix was computed 
for each movie condition and subject. This matrix could be 
separated into several blocks by grouping ROIs into differ-
ent RSNs. The intranetwork FC and internetwork FC were 
summarized by averaging the FC values within the corre-
sponding blocks of the FC matrices. The intranetwork and 
internetwork FC were compared between the normal movie 
and random movie conditions.

Reliability measures

The reliability of the measures of network representative 
time series (variance, FNC, and FC) in the normal and ran-
dom movie conditions was estimated by the interclass cor-
relation coefficient (ICC) (Zuo and Xing 2014; Zuo et al. 
2013). More specifically, the network representative time 
series and ROI time series during the viewing of the movies 
were temporally split into the first half and the second half 
in equal length. Next, the above analyses were repeated on 
both halves, and the ICCs of all measures of interest (the 
comparison results reported in Figs. 2 and 3) were estimated 
using a linear-mixed effect modal (Chen et al. 2015) imple-
mented using R (https​://www.r-proje​ct.org).

Results

Identified RSNs

The ICA decomposed each subject’s resting-state fMRI data 
into ICs. The number of components varied from 30 to 60 
across different subjects. The gRAICAR algorithm matched 
the ICs across subjects and resulted in 35 ACs that linked at 
least 3 subjects. The first 10 ACs showing the highest inter-
subject consistency (all subjects had > 95% confidence) were 
preserved for the following analysis. The DMN, PCUN, and 
mV were identified from these 10 ACs. More specifically, 
mV, DMN and PCUN were identified by gRAICAR as the 
2nd, 7th and 3rd ACs, which indicated that they were reli-
ably identified (Yang et al. 2012). Their spatial maps are 
presented in Fig. 1, which demonstrates the core regions of 
the DMN: the medial prefrontal cortex, posterior cingulate 
cortex and lateral parietal cortex; for the PCUN, the main 
regions are located at the precuneus, mid-cingulate cortex, 
inferior parietal lobule, and dorsal angular gyrus; for the mV, 
the main regions are located at the primary visual regions. 
The locations of the core regions were consistent with those 
of previous reports (Buckner et al. 2008; Calhoun et al. 

2008b; Gilmore et al. 2015; Laird et al. 2011; Raichle 2015; 
Smith et al. 2013). We calculated the mean inter-subject 
spatial correlation coefficients for mV, DMN and PCUN. 
The spatial similarity for mV, DMN and PCUN was 0.39, 
0.27 and 0.31, respectively.

Fluctuating representative time series of the PCUN 
and DMN in movie conditions

As shown in Fig. 2, the variance of the DMN and PCUN 
network representative time series during the two movie 
conditions was compared. With the network and movie 
type as within-subject independent variables, a two-way 
repeated-measure ANOVA revealed a significant inter-
action between the network and movie type factors (F(1, 
47) = 8.750, p = 0.005, η2 = 0.157), indicating that the con-
textual information in the movies modulated the variance of 
the PCUN and DMN in different ways. A post hoc analysis 
with the Bonferroni correction indicated that while watching 
the normal movie, the PCUN exhibited a higher variance 
compared to the DMN (t = 2.813, p < 0.001), but such a dif-
ference was not significant in the random movie condition 
(t = − 0.492, p = 0.471). The post hoc analysis also indicated 
that compared to the random movie condition, the PCUN 
showed a significantly higher variance in the normal movie 
condition (t = 2.234, p = 0.037), whereas the DMN showed a 
trend to respond inversely, which was statistically insignifi-
cant (t = − 2.087, p = 0.057). As expected, the mV did not 
show a significant difference in its representative time series 
fluctuations (t = 1.097, p = 0.278).

Functional couplings between the PCUN and DMN

The group-level averaged ROI-wise FC matrices under each 
movie condition are shown in Fig. 3a, b, with each row or 
column representing an ROI. The 3 diagonal blocks from 
left to right represent the intranetwork FCs of the PCUN, 
DMN, and mV, respectively. The off-diagonal blocks depict 
the internetwork FCs. The intranetwork FCs were higher 
overall than the internetwork FCs in both movie conditions. 
Figure 3c shows the significant difference between the intra 
network FCs and the internetwork FC in both conditions. 
The internetwork FC between the DMN and PCUN (inter-
DMN–PCUN FC) was much weaker than the intra-DMN FC 
and intra-PCUN (p < 0.001), indicating that there is some 
extent of functional segregation between the PCUN and 
DMN. More importantly, the intra-DMN FC did not signifi-
cantly change between the two movie conditions (t = 0.658, 
p = 0.514), whereas the intra-PCUN FC became significantly 
lower in the random movie condition (t = 3.969, p < 0.001). 
In other words, the intra-DMN and intra-PCUN FCs were 
modulated differently by the movie types, indicating that the 

https://www.r-project.org


3138	 Brain Structure and Function (2019) 224:3133–3144

1 3

two RSNs play different functional roles in processing the 
information in the movies.

The analyses also showed that even though the PCUN 
ROIs were less functionally connected in the random movie 
condition, the PCUN intranetwork FC was still signifi-
cantly higher than the inter-DMN–PCUN FC measured in 
both movie conditions (t = 9.280, p < 0.001 for the normal 
movie; t = 19.228, p < 0.001 for the random movie), further 
supporting the functional independence of the PCUN. As a 

reference network, the intra-mV FC was consistently higher 
than the internetwork FC (results not shown), which agreed 
with the consensus that the involvement and functional 
specificity of the primary visual regions should be strong in 
movie-watching conditions.

The modulation effects of the movie conditions on 
the FNC between RSNs are shown in Fig. 3d. The FNC 
between the PCUN and DMN was significantly modu-
lated by the movie conditions, with a lower FNC in the 

Fig. 1   Spatial maps of the default mode network (DMN), precuneus 
network (PCUN), and medial visual network (mV) plotted over the 
Montréal Neurological Institute (MNI) template. The indices above 
each slice indicate the corresponding coordinates in the inferior–

superior direction. Smoothness and thresholding were applied here 
for better visualization. The colors indicate the contribution of the 
voxels to the observed independent component. The contribution 
increases as the color change from dark to red
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random movie (t = 2.095, p = 0.042). This result was con-
sistent with the FC results regarding the decreased inter-
DMN–PCUN FC in the random movie condition.

We also compared the intranetwork and internetwork 
FC when including the overlap regions between PCUN 
and DMN and calculated the temporal splitting half ICC. 
The results repeated the patterns discovered when the 
analysis did not include the overlap regions. The intra-
DMN and intra-PCUN FCs were both higher than the 
inter-DMN–PCUN FC in both conditions. Specifically, 
in the normal movie condition, the intra-DMN FC and 
intra-PCUN FC were higher than the inter-DMN–PCUN 
FC (t = 7.571, p < 0.001, ICC = 0.672; t = 14.390, 
p < 0.001, ICC = 0.712, respectively). In the random 
movie condition, the intra-DMN FC and intra-PCUN 
FC were also higher than the inter-DMN–PCUN FC 
(t = 11.066, p < 0.001, ICC = 0.485; t = 18.593, p < 0.001, 
ICC = 0.605, respectively).

Functional couplings between the PCUN and mV

Comparing the PCUN-mV FNC and the DMN-mV FNC, 
a two-way repeated-measure ANOVA found no signifi-
cant interaction between the network pair and movie type 
(F(1,47) = 0.048, p = 0.828, Fig.  3d, yellow and blue 
lines). The main effects of both independent variables 
were significant (network: F(1,47) = 20.357, p < 0.001; 
movie type: F(1,47) = 16.566, p < 0.001). The PCUN-mV 
FNC was significantly higher than the DMN-mV FC in 
both conditions (normal movie: t = 3.375, p < 0.01; ran-
dom movie: t = 3.740, p < 0.001), indicating that compared 
to the DMN, the PCUN has a stronger functional relevance 
with mV, and it may play a more important role in the 
processing of visual materials with continuous contexts.

Reliability of measuring network representative 
time series

The split-half ICC of the variance of the PCUN, DMN, 
and mV during the normal movie was 0.673, 0.696, and 
0.511, respectively, which was in the range of the fair 
(0.40 < ICC < 0.59) to good level (0.60 < ICC < 0.74); 
during the random movie, the ICCs were 0.472, 0.695, 
and 0.462, respectively. The ICC of the variance differ-
ence between the PCUN and DMN was 0.715 for the 
normal movie condition and 0.675 for the random movie 
condition.

The split-half ICCs of the inter-DMN–PCUN FC, 
intra-DMN FC, and intra-PCUN FC were 0.678, 0.666, 
and 0.690, respectively, for the normal movie condition, 
which were in the range of good reliability. The ICCs 
while watching the random movie was 0.546, 0.537, and 
0.652, respectively, which were in the range of fair to good 
reliability. Comparing the normal and random movie con-
ditions, the ICCs of the difference in intra-DMN FC, in 
the intra-PCUN, and in the inter-DMN–PCUN FC were 
0.436, 0.524, and 0.489, respectively. Comparing the 
inter–DMN–PCUN FC in the random movie condition to 
the intra-PCUN FC, the ICC of the difference was 0.605 
for the intra-PCUN in the normal condition and 0.507 for 
the intra-PCUN in the random condition.

The ICC of the PCUN-mV FNC, DMN-mV FNC, and 
PCUN–DMN FNC was 0.296, 0.460, and 0.707 for the 
normal movie, respectively, and 0.721, 0.524, and 0.361 
for the random movie. The ICC of the difference between 
the PCUN-mV FNC and the DMN-mV FNC was 0.459 
in the normal movie condition and 0.522 for the ran-
dom movie condition. The above results indicate that all 
variances, all FC metrics, and most of the FNC metrics 
observed in this study have a fair to good reliability.

Fig. 2   ANOVA revealed significant interactions between networks 
(PCUN, red line; DMN, yellow line) and movie conditions (normal 
and random) on the variance of representative time series fluctua-
tion. The diamond shapes indicate the mean values and the error bars 
present the standard error metrics. Comparisons showing a signifi-
cant difference are marked with t values and the significant levels are 
indicated by the asterisks (*p < 0.05, **p < 0.01, ***p < 0.005). The 
PCUN and DMN exhibited inverse patterns. The PCUN exhibits a 
stronger variance of fluctuation in the normal movie condition than in 
the random movie condition, whereas the DMN shows a significantly 
lower variance of fluctuation in the normal movie condition. The mV 
(blue line) is shown here as a reference. As expected, the mV net-
work shows no significant difference between the movie conditions 
(t = 1.097, p = 0.278). The ICCs of the difference in variance between 
the PCUN and DMN during the normal movie condition and random 
movie condition are 0.715 and 0.675, respectively, suggesting that the 
observed difference is reliable



3140	 Brain Structure and Function (2019) 224:3133–3144

1 3

Discussion

We adopted natural movies and their storyline-scrambled 
versions as natural stimuli to investigate the functional seg-
regation between the DMN and PCUN. The main findings 

are: (1) scrambling the contextual information altered the 
fluctuation level of the DMN and PCUN in different direc-
tions; (2) the functional connectivity within the PCUN 
showed a significantly higher sensitivity to the continuity 
of the context compared to the intra-DMN FC; and (3) the 

Fig. 3   Functional connectivity comparisons among RSNs and movie 
conditions. a, b Present the group-level averaged ROI-wise FC matri-
ces. a is for the normal movie condition and b is for the random 
movie condition. In the matrices, colors from dark blue to dark red 
indicate the strength of FC from negative to positive. The FC matri-
ces are symmetric and contain 3 intranetwork FC blocks (diagonal 
blocks) and 3 internetwork FC blocks (off-diagonal blocks). In both 
movie conditions, the intranetwork FC blocks show consistent pat-
terns. However, the internetwork FC blocks appear to be lower while 
the random movie is watched. The pattern is supported by averaging 
FC within each block: intra-PCUN, intra-DMN, and inter-DMN–

PCUN, as depicted in c. c Presents statistical comparison results 
among the FC metrics. In both conditions, all intranetwork FCs are 
higher than the inter-DMN–PCUN FC. The intra-PCUN FC is more 
sensitive to movie conditions than the intra-DMN FC. These results 
indicate the functional independence between the DMN and PCUN. 
d Presents the FNC metrics in the two conditions. The FNC between 
the PCUN and mV is higher than the functional coupling between the 
DMN and mV, indicating their different functional roles in process-
ing the visual stimuli. The ICCs of the observed differences are also 
shown below the corresponding t values
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PCUN exhibited a significantly stronger functional network 
connectivity with the primary visual regions than the DMN. 
These findings provide evidence for the different functional 
roles of the PCUN and DMN in the processing of natural 
stimuli and indicate the functional segregation between the 
two RSNs.

The functional segregation between the DMN and PCUN 
in a natural viewing paradigm helps to advance our under-
standing of the functions of the two networks. Previously, 
the functional segregation between the DMN and PCUN had 
only been investigated in the resting state or in repetitive, 
single-domain cognitive tasks. Evidence from the resting-
state functional connectivity studies (Power et al. 2011; Yeo 
et al. 2011) inferred the functional segregation of the two 
networks based on patterns of correlations (i.e., the intranet-
work FC was higher than the internetwork FC), which does 
not directly reveal the difference in functional roles between 
the two RSNs. With a content-rich natural viewing para-
digm, our results help to more directly reveal the functional 
roles of the PCUN. For instance, the continuity of the con-
text modulated the fluctuations of the PCUN and DMN in 
different directions, and the PCUN was more involved in 
processing of visual information in an intact natural movie.

On the other hand, studies using single-domain cognitive 
tasks have demonstrated that the PCUN plays an important 
role in memory and the detection of novelty (Gur et al. 2007; 
Kafkas and Montaldi 2014; Lundstrom et al. 2003). How-
ever, given that the core region of the PCUN, the precuneus, 
is widely connected to other regions in the brain (Cunning-
ham et al. 2017; Van Den Heuvel et al. 2009; Zhang and 
Li 2013) and numerous studies have indicated its involve-
ment in a wide range of cognitive processes (for a review, 
see Cavanna and Trimble 2006; van den Heuvel and Sporns 
2013), the function of the PCUN may not be specific to a 
single cognitive domain. The roles of the PCUN may be 
more comprehensively revealed in a content-rich natural 
viewing paradigm. Echoing this argument, a recent study has 
classified patients with first-episode psychosis from normal 
controls based on the response of the PCU when watching a 
fantasy movie (Rikandi et al. 2017).

The different representative time series patterns of the 
PCUN and DMN reflect the different mental states of the 
subjects when viewing the different versions of the movie. 
The DMN has been related to internal-directed spontaneous 
thoughts. Its lower fluctuation in the normal movie condition 
implies that the viewers were watching the movies dedicat-
edly and relating the stories and characters with themselves. 
Such mental states were disrupted in the random movie con-
dition. More specifically, scrambling the frames of a movie 
increased the cognitive load required for understanding the 
stories. Such an increased cognitive load includes retrieving 
the memory of the previous frames, comparing the abstract 
meaning of frames, and making inferences about the stories. 

Such an externally directed, attention-demanding process 
might suppress the representative time series of the DMN. 
On the other hand, the PCUN showed a different representa-
tive time series pattern. The finding that the PCUN exhibited 
a higher variance in representative time series in the normal 
movie condition and a lower variance during the random 
movie could be explained by the proposal that the PCUN is 
related to the memory and perceiving of novelty (Gilmore 
et al. 2015). The stories were presented successively in the 
normal movie, and only some of the scenes required subjects 
to retrieve memory about the previous scenes and to make an 
inference about the stories (which may be termed complex 
scenes). The PCUN was lower activated during the succes-
sive scenes and higher activated during the complex scenes. 
Switching between the higher and lower activating level 
resulted in the higher variance during the random movie. In 
contrast, the PCUN would be more consistently activated 
during the random movie due to the need for more frequently 
and actively retrieving memory and making inferences. Fur-
thermore, PCUN and DMN demonstrated a difference in the 
involvement of visual processing. The functional coupling 
between the PCUN and mV was higher than that between the 
DMN and mV in both movie conditions (Fig. 3d, blue and 
yellow lines), indicating that the PCUN may have a closer 
functional role to the visual process of natural stimuli.

Furthermore, since there is no gold standard for justifying 
the biological meanings of the networks only using resting-
data, the existing parcellation schemes of RSNs have not 
achieved a consensus due to their differences in algorithms 
and criteria. This paradigm provides an avenue to examine 
the functional roles of RSNs in a real-life context and helps 
to infer whether and in what context the resting-state net-
works play different functional roles.

To rule out potential bias in the methodology, we included 
the mV network as a reference and examined the reliability 
of the measures (variance, FNC, and FC). Because the ran-
dom movie was different from the normal movie only in the 
continuity of the context, we expected that the mV would not 
significantly change either in the fluctuation level or in the 
intramV FC. As expected, the unchanged fluctuation level 
and the intranetwork FC of mV between the two movie con-
ditions indicate that the comparisons and methodology are 
unbiased. The ICC results indicate that the reliability of the 
analysis ranged from fair to good in all variances and FC 
metrics, supporting the reliability of the results.

Limitation and prospect

The current study provides evidence for the functional segre-
gation of the DMN and PCUN in natural movie conditions. 
However, how the integrity degree of natural stimuli modu-
lates the segregation requires further research that includes 
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behavioral tests and finely tuned stimuli. On the other hand, 
the relation between the representative time series of RSNs 
and the contextual information of natural stimuli indicates 
that RSNs may provide clues for decoding information from 
RSN representative time series. However, which specific 
characteristics of the content in the movie would enhance 
or alleviate the difference between the PCUN and DMN still 
require further study.

Conclusion

To conclude, the distinct patterns of the PCUN and DMN 
representative time series and the separation in functional 
connectivity under natural stimuli suggest that the DMN 
and PCUN are two functionally segregated networks during 
real-life information processing.
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