
  

 

Abstract— The combination of graph theoretical approaches 

and neuroimaging data provides a powerful way to explore the 

characteristics of brain network. Recently, the temporal 

variability of spontaneous brain activity and functional 

connectivity has attracted wide attention. Thus, it is essential to 

evaluate the reliability of functional network connectivity and 

properties from the dynamic perspective. However, previous 

test-retest (TRT) studies have explored this reliability with a 

static point of view. In this study, using a large rs-fMRI dataset 

from Human Connectome Project (HCP), we investigated TRT 

reliability of functional connectivity and graph metrics derived 

from the most commonly used method – sliding window at three 

time intervals (short: 72 seconds, middle: 15 minutes and 

long: >24 hours). The results revealed that reliable 

connectivities and related brain regions are mainly distributed 

in primary cortex, such as visual area and sensorimotor area 

and default mode network. Notably, connectivity strength and 

global efficiency have better reliability than other metrics. 

Finally, short scan time interval and long scan duration can 

increase the TRT reliability of metrics. Findings of present 

study provide important guidance for searching reliable 

network markers in future research. 

I. INTRODUCTION 

Over the past decades, functional connectome, which 
measures the synchronized changes between regional brain 
activities, has drawn wide attention. Graph theoretical 
approaches provide a powerful way to quantify brain 
functional interaction and reveal abnormal changes in 
neuropsychiatric disorders [1-4]. Increasing studies have 
suggested that spontaneous brain activity in resting state is a 
dynamic process that may reflect changes among different 
brain states [5]. To identify reliable biomarkers for clinical 
application, the test-retest (TRT) reliability of functional 
network connectivity and properties still need to be further 
assessed from the dynamic perspective. Previous researchers 
have investigated the reliability of network metrics in the 
static brain functional and structural network [6, 7]. Although 
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previous TRT studies have done a lot of work on reliability of 
brain networks, methodological advances and the increasing 
availability of large datasets give us the opportunity to analyze 
a TRT rs-fMRI dataset based on a well-defined brain atlas, 
which is built upon connectome. 

In the present study, using a large rs-fMRI dataset of 100 
healthy subjects with high spatiotemporal resolution from 
Human Connectome Project (HCP), we aim to investigate the 
TRT reliability of functional connectivity and network metrics, 
and the impact of clinical parameters using a sliding window 
method. We apply the Brainnetome Atlas (BN Atlas, 
http://atlas.brainnetome.org) to define network nodes, which 
is a fine-gained brain parcellation scheme and could better 
reflect the underlying functional association across whole 
brain, leading to reproducible findings [8]. For both functional 
connectivities and graph metrics, we evaluate the intra-scan 
reliability (time interval of about 1.2 min), intra-session 
reliability (about 15 min) and inter-session reliability (more 
than 24 hours). Intra-class correlation coefficient [9] is used as 
a measure of TRT reliability, as suggested in literature [10]. 
We assess the reliability of seven most commonly used 
measures (degree, connectivity strength, clustering coefficient, 
shortest path length, global efficiency, local efficiency, and 
physical distance) at both global level and nodal level. In 
addition, we emphatically explore the effects of scan time 
interval and scan duration on TRT reliability, which are 
closely related with clinical application. 

II. METHOD AND MATERIALS 

A. Data Acquisition and Preprocessing 

The fMRI dataset we used includes 100 healthy subjects 
(46 males), which is publicly released by HCP. Subject 
recruitment procedures and informed consent forms, including 
consent to share de-identified data, were approved by the 
Washington University institutional review board. Datasets 
were de-identified and are publicly shared on the 
ConnectomeDB (https://db.humanconnectome.org)[11, 12]. 
For the included subjects, each person underwent two scans of 
approximately 15 minutes with different phase encoding 
direction on two visit days, i.e. four runs (REST1_LR, 
REST1_RL, REST2_LR, and REST2_RL).  

All subjects were scanned on a 3T Siemens 
Connectome-Skyra MRI scanner with a 32-channel head coil 
[11, 12]. Resting state images were collected using 
gradient-echo EPI sequence (TR = 720 ms, scan duration = 14 
min 24 s) and have been minimally preprocessed by HCP [13]. 
We performed some necessary de-noising correction 
(regressing out the effect of mean signals of white matter, 
cerebrospinal fluid, and head motion), as well as temporal 
band-pass filtering (0.01Hz -0.08Hz) with in house software 
Brant (http://brant.brainnetome.org ). 
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Figure 1. TRT reliability of functional connectivities. (a) Short-term reliability, (b) middle-term reliability, (c) long-term reliability. 

 

B. Network Construction and Computation 

We defined 246 cortical and subcortical regions (ROIs) 
using Brainnetome Atlas. The mean time series of the brain 
regions were extracted and the connectivity strength between 
ROIs was calculated as Pearson’s correlation coefficient. For 
the purpose of variance-stabilization, we performed a Fisher’s 
z transformation to correlation matrices. Network edges were 
defined by thresholding correlation coefficients with a range 
of network densities and maximum spanning tree method 
based on z correlation matrices was introduced to ensure the 
network covered all the brain regions. Finally, we generated 
the weighted network and the corresponding binary network 
for each subject. Note that, we constructed dynamic functional 
networks instead of static networks by applying a sliding 
window to the mean time series with a fixed sliding length of 
100 time points.  

We investigated the TRT reliability of seven common 
graph metrics at both global and nodal level (degree, 
connectivity strength, clustering coefficient, shortest path 
length, global efficiency, local efficiency and physical 
distance) which describe different network topological 
properties [1]. 

C. Statistical Analysis 

To investigate the TRT reliability of functional 
connectivity and graph metrics mentioned above, we 
employed the intra-class correlation coefficient (ICC) [14] as a 
measure of TRT reliability. Specially, we used one-way 
random effect model as follows: 

 ICC(1,1) =
BMS  WMS

BMS  (k  1)WMS
 

 BMS =
k ∑ (Xi ̅̅ ̅̅  X̅)

2m
i=1

m  1
 

 WMS =
∑ ∑ (xij   Xi

̅̅ ̅)
2k

j=1
m
i=1

m(k  1)
 

where BMS is between-subjects mean square, WMS is 
within-subjects mean square, Xi

̅̅ ̅  is mean value of a given 
metric across sessions for subject i, X̅ is the total mean across 
subjects and sessions, m is the number of subjects, and k is the 
number of sessions. According to the criteria adopted in 
Müller and Büttner’s study [15], we set the negative ICCs to 

zero which adopted by other TRT studies for it is difficult to 
understand the negative ICC value [16]. 

To explore temporal stability of the functional architecture 
of each brain region, we employed the method proposed in 
[17]. In particular, within the ith time window, the whole brain 

functional network Fi is a 246  246 connectivity matrix. The 
functional architecture of a region q at the time window i is 
Fi(q , :) which is a 246-dimensional vector and shortened as 
Fi,q. The stability of the functional architecture of region q is 
defined as: 

 Sq = E[corrcoef (Fi,q, Fj,q)],  ij=1,2,…,n, ij 

where, i and j represent the ith time window and the jth time 
window, respectively. And n is the number of time windows. 

For the reliability of functional connectivities and graph 
metrics, we performed the evaluation at three time intervals. 
The short-term (intra-scan) reliability was calculated across 
time windows of a given scan with a small time-interval of 
100 time points (i.e. 1.2 min) and the average of four scans 
was used for the final comparisons. The middle-term 
(intra-session) reliability was calculated between two scans of 
the same session which were acquired on one visiting day and 
the average was calculated over two visiting days. The 
long-term (inter-session) reliability was calculated between 
two scans on two visiting days with the same encoding 
direction and the average was calculated over different 
encoding directions.  

In addition, to investigate the effect of scan duration on the 
reliability at different time intervals, we adopted a range of 
time window size from 200 to 1000 time points with an 
interval of 200 time points. To delineate the changes of TRT 
reliability with different network densities, we built a series of 
networks with various densities (from 10% to 40% with an 
interval of 5%). 

III. RESULT AND DISCUSSION 

A.  TRT Reliability of Functional Connectivities 

We calculated ICC scores of functional connectivities at 
three time intervals. Since we constructed dynamic functional 
networks using the sliding windows, we just considered the 
connectivities that exist in eighty percent of all the networks. 
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The connectivities with ICC values > 0.4 (i.e., moderate 
reliability at least) were retained. For the short-term reliability, 
ICC values of 321 functional connectivities were greater than 
0.4 (Fig. 1a) and the maximum was larger than 0.8 (i.e., 
excellent reliability). For the middle-term and long-term 
reliability, there were 182 functional connectivities (Fig. 1b) 
and 147 functional connectivities (Fig. 1c) greater than 0.4, the 
maximums of those were less than 0.6. Across different time 
intervals, we got a consistent result that reliable connectivities 
were mainly located between precentral gyrus and postcentral 
gyrus, precentral gyrus and paracentral lobule, superior 
temporal gyrus and postcentral gyrus, fusiform gyrus and the 
occipital lobe (Fig. 1). These connections among visual cortex 
and sensorimotor cortex are fundamental for maintaining of 
basic physiological functions and therefore functional 
connections of these regions have less variability. 

B. TRT Reliability of Network Properties at Global Level 

We compared the TRT reliability of global metrics at 
different network densities and time intervals with the scan 
length of 600 time points (7 min, near the clinical use). Thus, 
each metric had seven values under seven time windows at 
each time interval. The ICC values of degree were not 
included, since the degree at each network of each subject 
were the same with a given density. Among the other six 
global metrics, connectivity strength, physical distance and 
global efficiency had better reliability than other metrics (Fig. 
2). Across different time intervals, all network metrics 
exhibited good to excellent TRT reliability at short-term time 
interval, whereas low to fair reliability at both middle-term 
and long-term time intervals (Fig. 4). 

 

Figure 2. TRT reliability of global metrics as a function of network density at 
three time intervals. The vertical ordinate represents the mean ICC value 

among time windows. 

 

C. TRT Reliability of Network Properties at Nodal Level 

Besides the TRT reliability of global metrics, we also 
evaluated the reliability of metrics at nodal level (Fig. 3). Here 
we set network density to 10% and scan length to 600 time 
points as mentioned above. At nodal level, it suggested that 
connectivity strength, global efficiency and degree exhibited 
greater reliability in general compared with other metrics. The 
nodal reliability patterns exhibited a spatially heterogeneous 
distribution across brain. It demonstrated that the most reliable 
regions (with ICC values greater than 0.6) were located in 
superior frontal gyrus, precentral gyrus, paracentral lobule, 
fusiform gyrus, superior parietal lobule, inferior parietal 

lobule, precuneus, postcentral gyrus, cingulate gyrus, 
medioventral occipital cortex, lateral occipital cortex. 

 

Figure 3. Region-wise maps of ICC values for seven nodal metrics at 
long-term time interval. Only regions with ICC greater than 0.4 are displayed. 

 

D. Effect of Scan Duration and Scan Time Interval 

To investigate the effect of scan duration and scan time 
interval on reliability of graph metrics, we displayed the ICC 
values of graph metrics with varying scan length from 200 to 
1000 time points across three time intervals (Fig. 4). We took 
the average of ICC values among different network densities 
and time windows to get reliable results. Across three time 
intervals, the results revealed that TRT reliability of network 
metrics increased with scan duration, which was consistent 
with a previous study [6]. Increased scan duration reduced the 
effect of confounding signals and led to more stable results. 
For clinical applications, we suggested that the scan duration 
of more than 1000 time points (i.e. 12 min) is a deal choice.  

We also observed that scan time interval had great 
influence on the TRT reliability of metrics. The short-term 
reliability was obviously better than the middle-term and 
long-term reliability. The low to moderate reliability in a long 
time interval may be caused by varying mental status, 
dynamic fluctuations of arousal or vigilance for a long time 
scanning [18]. 

 

Figure 4. TRT reliability of graph metrics change with scan duration and 
inter-scan time interval. Mean ICC values and their standard deviations are 

computed across network densities and time windows. 
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E. Temporal Stability of Brain Regions 

 
Figure 5. Whole-brain temporal stability topography at three time intervals. 

 

We calculated the temporal stability of the functional 
architecture of the 246 regions and mapped whole-brain 
stability topography on Brainnetome Atlas (Fig. 5). The high 
temporal stability of a specific region indicated that the 
connectivities associated with the region changed little during 
the scan. And it partly reflected the TRT reliability of 
connectivities of a region. Across various time intervals, it 
consistently demonstrated that regions with high temporal 
stability were mainly located in inferior parietal lobule, lateral 
occipital cortex, precentral gyrus, superior frontal gyrus, 
ventral occipital cortex, postcentral gyrus, superior parietal 
lobule, and precuneus. This result was consistent with the 
findings in [17] and further corroborated our findings of TRT 
reliability of functional connectivity. And also these regions 
are the hub regions and play a key role in information 
integration underpinning numerous aspects of complex 
cognitive function [19]. 

IV. CONCLUSION 

We investigated TRT reliability of functional connectivity 
and network properties using a large rs-fMRI dataset based on 
a fine-grained Brainnetome Atlas. The main findings are 
fivefold: First, reliable connectivities and regions are mainly 
distributed in primary cortex, such as visual area and 
sensorimotor area and default mode network. Second, scan 
time interval affects the TRT reliability and the short-term 
reliability of global and nodal metrics are greater than the 
middle-term and long-term reliability. Third, TRT reliability 
of network metrics increase with scan length. Scan duration 
with more than 1000 time points may be a preferable choice 
for clinical application. Fourth, connectivity strength, physical 
distance, degree and global efficiency have better reliability 
than other metrics. At last, network density has little effect on 
most of metrics except for clustering coefficient and local 
efficiency. Our study provides the combination of parameters 
and network topological properties for searching reliable 
network biomarkers in the future clinical applications. 
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