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Abstract

Sex differences in the organization of large-scale resting-state brain networks have been identified 

using traditional static measures, which average functional connectivity over extended time 

periods. In contrast, emerging dynamic measures have the potential to define sex differences in 

network changes over time, providing additional understanding of neurobiological sex differences. 

To meet this goal, we used a Coactivation Pattern Analysis (CAP) using resting-state functional 

magnetic resonance imaging data from 181 males and 181 females from the Human Connectome 

Project. Significant main effects of sex were observed across two independent imaging sessions. 

Relative to males, females spent more total time in two transient network states (TNSs) spatially 

overlapping with the dorsal attention network and occipital/sensory-motor network. Greater time 

spent in these TNSs was related to females making more frequent transitions into these TNSs 

compared to males. In contrast, males spent more total time in TNSs spatially overlapping with 

the salience network, which was related to males staying for longer periods once entering these 

TNSs compared to females. State-to-state transitions also significantly differed between sexes: 

females transitioned more frequently from default mode network (DMN) states to the dorsal 

attention network state, whereas males transitioned more frequently from DMN states to salience 

network states. Results show that males and females spend differing amounts of time at rest in two 

distinct attention-related networks and show sex-specific transition patterns from DMN states into 

these attention-related networks. This work lays the groundwork for future investigations into the 

cognitive and behavioral implications of these sex-specific network dynamics.
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Introduction

Biological sex is one factor associated with individual differences in cognition and behavior. 

Sex differences have been identified in basic neurocognitive processes such as attention 

and spatial processing (Bayliss et al., 2005), but also in cognitive development (Gur et al., 

2012) and in psychiatric disease (Naninck et al., 2011). Although it is difficult to disentangle 

physiological from social aspects of sex, investigating sex differences in neurobiological 

functioning may improve our understanding of key neurocognitive domains that contribute 

to mental health and daily functioning. One way to evaluate fundamental neurobiological 

sex differences is to investigate the brain’s resting-state. Imaging the brain at rest can reveal 

brain regions with correlated fluctuations in the functional magnetic resonance imaging 

(fMRI) signal, forming resting-state networks associated with known brain systems such as 

those involved in attention, visuospatial, auditory, motor, and affective processing (Yeo et 

al., 2011). The use of resting-state data may therefore identify sex-specific differences in the 

intrinsic organization and function of the brain underlying cognition.

Males and females differ in their functional connectivity within and between large-scale 

brain networks at rest. For example, males and females have demonstrated differences in 

the resting-state functional connectivity (rsFC) of several networks involved in cognitive 

processes including self-referential processing (Allen et al., 2011; Biswal et al., 2010; de 

Lacy et al., 2019), executive function (Hjelmervik et al., 2014), salience processing (Wang et 

al., 2014), attention (Filippi et al., 2013), and sensory-motor functioning (Allen et al., 2011; 

de Lacy et al., 2019). This literature suggests that males and females differ in their intrinsic 

brain organization, which may underlie differences in core cognitive functions. However, 

this prior work used only traditional static measures of FC, which average correlated brain 

activity across the entirety of the resting-state scan (typically 6 minutes or more). While 

informative, static FC analyses only provide insight into functional brain organization as 

a snapshot in time and do not provide insight into the temporal or dynamic properties of 

resting brain function. In contrast, evaluating dynamic features of the resting brain will 

inform how such brain networks perform at rest, thus providing another piece of information 

regarding sex differences in neurobiology.

Several emerging techniques assess temporal dynamic properties of brain networks at rest. 

However, only a few studies have begun to evaluate sex-specific temporal differences. 

For example, one approach for assessing dynamic functional connectivity (dFC) includes 

measuring changes in correlated fMRI activity over time (e.g., FC using sliding windows). 

Sliding window methods parcellate the functional time series of regions of interest into 

shorter, often overlapping windows to probe regional connectivity changes over time. 

Collectively, studies using this method suggest that males make more frequent transitions 

into different networks while providing some evidence that women are more likely to remain 

in specific network states over time (Cai et al., 2020; de Lacy et al., 2019; Yaesoubi et 

al., 2015). Other methods evaluate temporal patterns of resting data by examining changes 

in simultaneous activation, or the coactivation patterns (CAP) to probe functional network 

dynamics. CAP analysis is a data-driven technique that uses both spatial distribution and 

magnitude of activation to identify transient network states (TNSs) of coactivation (Liu et 

al., 2018). In a study that identified 30 TNSs, the occurrence rate of a TNS overlapping 
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with the sensorimotor cortex was greater in males relative to females (Liu et al., 2013). 

However, the CAPs procedure allows for a range of additional temporal dynamic analyses, 

including total time spent in a network, time persisting in a network per transition into 

that network, the frequency of transitions into that network, as well as transition patterns 

between networks. Collectively, evaluating these metrics will provide a more nuanced 

understanding of sex differences in the temporal dynamics of the brain.

To provide a comprehensive evaluation of resting temporal dynamics, we recently used CAP 

analysis to characterize the dynamic features of the brain across two resting-state fMRI 

scans in a large sample of adults from the Human Connectome Project (HCP) (Janes et al., 

2020). We computed measures of functional network dynamics, including total time spent 

in individual TNSs, persistence (i.e., time spent in a TNS before transitioning to another 

TNS), and the transition frequency into different TNSs. Our findings identified 8 TNSs that 

overlapped with canonical large-scale brain networks typically defined by static measures 

of resting-state fMRI data including the default mode network (DMN; 3 TNSs), salience 

network (SN; 2 TNSs), dorsal attention network (DAN; 1 TNS), occipital/sensory-motor 

network (1 TNS), and frontoparietal network (FPN; 1 TNS) (Janes et al., 2020). The eight 

TNSs defined in Janes et al. (2020) contrast with the 30 TNSs defined by Liu et al. (2013) 

in which many individual TNSs were comprised of subregions of these larger networks. 

Methodological differences in TNS derivation between these studies is worth noting, as 

the approach by Liu et al. (2013) is well suited for identifying novel associations between 

regions or groups of regions, whereas the TNSs identified in Janes at al. (2020) spatially 

map onto large resting-state networks, allowing for CAP to clarify dynamic properties of 

well-established neurocognitive networks.

Building on Janes et al. (2020), a critical next step is to investigate sex differences in 

functional network dynamics, as doing so will contribute to our understanding of individual 

variance in neurocognitive function in healthy adults. The current study incorporated a 

subsample of participants from the HCP and the eight TNSs identified previously (Janes 

et al., 2020) to examine potential sex differences in four measures of functional network 

dynamics: (1) total time spent in each TNS, (2) persistence in each TNS, (3) transition 

frequency into each TNS, and (4) frequency of specific state-to-state transitions (e.g., 

frequency of State 3 to 4 transitions).

METHOD

Participants

We investigated a subsample of participants included in Janes et al. (2020). Individuals from 

the HCP 1200 subject release were excluded from the Janes et al. sample if they reported 

a history of major psychiatric disorder, neurological disorder, or medical disorder known 

to influence brain function, a family history of schizophrenia, met DSM-IV criteria for 

alcohol dependence, reported a lifetime history of repeated substance use, or had a positive 

drug or alcohol test on the scanning day, leaving a sample of 462 participants (n=181 

males, n=281 females). To achieve equal groups for the current analyses, we included the 

n=181 males from the Janes et al. sample, and a randomly selected subsample of n=181 

females who did not significantly differ from males on age or education. The final data 
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set included resting-state fMRI scans from 362 individuals. Participants were on average 

27.46 years of age (SD=3.13, range: 22–35) and reported completing an average of 15.27 

years of education (SD=1.58, range: 11–17). Participants largely self-identified as White 

(n=271), with the remaining self-identifying as Black/African-American (n= 49), Asian, 

Native Hawaiian, or Other/Pacific Islander (n=32), or multi-racial (n=6). Four participants 

did not disclose their race.

fMRI Data Acquisition—Resting-state fMRI data was acquired with a 32-channel head 

coil on a Siemens 3T Skyra, with a gradient-echo strength of 100 mT/m. Gradient-echo 

echo-planar imaging (EPI) images were collected using the following parameters: TR = 720 

ms, TE = 33.1 ms, flip angle = 52°, FOV = 208 × 180 mm (PO x PE), Matrix = 104 × 90 

(RO x PE), echo spacing = 0.58 ms, BW = 2290 Hz/Px. Slice thickness was set to 2.0 mm, 

72 slices, 2.0 mm isotropic voxels, with a multi-band acceleration factor of 8 (Glasser et al., 

2016; Uğurbil et al., 2013; Van Essen et al., 2013).

Over two scan sessions across consecutive days, four 14.4-minute runs of resting-state 

fMRI were collected. Within each scan session there were two runs, one run was acquired 

with a left-to-right phase encoding direction and the other was acquired with a right-to-left 

phase encoding direction. This resulted in two scan sessions equaling 28.8 minutes. During 

resting-state acquisition, participants were instructed to lie on their back with their eyes open 

and fixate on a bright cross-hair, which was projected against a dark background.

Preprocessing—“Fix-extended” resting-state fMRI data was used from the HCP 1200 

subject release with the following preprocessing steps: gradient unwarping, motion 

correction, fieldmap-based EPI distortion correction, brain-boundary-based registration to 

EPI and structural T1-weighted images, non-linear FNIRT registration to MNI space, and 

grand-mean intensity normalization using FSL and FreeSurfer (Glasser et al., 2013). The 

FSL FIX program was used to identify and remove noise (Griffanti et al., 2014; Salimi­

Khorshidi et al., 2014).

Time courses were extracted from resting-state fMRI data using 129 regions of interest 

(ROIs) (Choi et al., 2012; Yeo et al., 2011). An amygdala ROI was obtained from the 

automated anatomical labeling atlas (http://www.gin.cnrs.fr/en/tools/aal). At the beginning 

of each time series, twenty volumes were removed to allow for signal stabilization. Finally, 

time series were concatenated within and across participants.

Co-Activation Pattern Analysis—CAP analyses are described in extended detail in 

Janes et al. (2020). Briefly, after an initial data reduction step using principal component 

analysis, a k-means clustering analysis was performed on the first resting-state fMRI scan 

from all participants to identify brain states corresponding to resting-state brain activity. 

Silhouette scores were calculated to evaluate the optimal clustering solution, which was 

deemed to be k=8. CAP analyses were conducted using the open-source “capcalc” package 

(https://github.com/bbfrederick/capcalc/). After identifying recurring TNSs, four measures 

of functional network dynamics were conducted for each TNS during the first resting-state 

fMRI run: (1) total time spent in each TNS, (2) persistence, (3) frequency of transitions into 
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each TNS, and (4) frequency of individual TNS-to-TNS transitions (Kaiser et al., 2019). 

Initial CAP classification was conducted on the sample described in Janes et al. (2020).

Detailed descriptions of each of the patterns of relative brain activation and deactivation for 

the eight TNSs are reported in extended detail in Janes et al. (2020). Briefly, the spatial 

pattern of each TNS overlapped with standard large-scale brain networks (Laird et al., 2011; 

Smith et al., 2009): three TNSs showed high spatial overlap with the DMN (States 1, 3, 

and 7), two TNSs showed high spatial overlap with the SN (States 5 and 8), whereas the 

remaining TNSs showed spatial overlap with the FPN (State 2), DAN (State 4), and the 

occipital cortex and sensory-motor brain regions (State 6).

Statistical Analyses—A staged analysis was implemented. First, we examined sex 

differences relating to the total time spent in each TNS. Subsequent analyses focused only 

on the TNSs showing significant sex differences in total time spent in each TNS. Analyses 

employed repeated-measures ANOVAs evaluating persistence, transition frequency, and 

frequency of TNS-to-TNS. In each repeated-measures ANOVA, one measure of functional 

network dynamics was the dependent measure, with session (scanning session #1 or #2) as 

a within-subject factor and sex as a between-subjects factor. Significant effects survived a 

Bonferroni multiple comparison correction within each family of statistical tests performed. 

Additionally, for all significant ANOVAs, two-sample Kolmogorov-Smirnov tests were used 

to examine whether these results also extended to significant differences in the functional 

network dynamics distributions between males and females.

RESULTS

Repeated-Measures ANOVA Analyses

Total Time Spent in Each TNS: We conducted eight repeated-measures ANOVAs 

(i.e., one for each TNSs). Significant effects survived a Bonferroni multiple comparison 

correction (i.e., .05/8, p ≤ .00625).

Significant main effects of sex were observed for total time spent in four TNSs: a state 

overlapping with DAN (State 4) (F(1,360)=25.67, p < .001, partial η2= .067), an occipital/

sensory-motor state (State 6) (F(1,360)= 16.48, p < .001, partial η2= .044), and the states 

overlapping with the SN (State 5: (F(1,360)= 8.33, p = .004, partial η2= .023) and State 

8: (F(1,360)= 18.64, p < .001, partial η2= .049). There were no significant main effects of 

session or sex by session interactions. In post-hoc t-tests, females spent more time in State 4 

(t(722)= −6.26, p < .001) and State 6 (t(722)= −4.85, p < .001), whereas males spent more 

time in State 5 (t(722)= 3.51, p < .001) and State 8 (t(722)= 5.28, p < .001) (Figure 2). 

Supplemental analyses controlling for variance in global mean signal were similar, however 

the sex differences in State 5 were no longer significant after multiple comparison correction 

(see Supplement). Kolmogorov-Smirnov tests revealed significant sex-differences in the 

distribution of total time in TNS for both scan sessions for State 4 (Scan 1: Z=2.63, p<.001, 

Scan 2: Z=1.63, p=.010) and State 8 (Scan 1: Z=2.26, p<.001, Scan 2: Z=1.79, p=.003) and 

for the first scan session only for State 5 (Scan 1: Z=1.52, p=.019, Scan 2: Z=1.31, p=.063) 

and State 6 (Scan 1: Z=2.21, p<.001, Scan 2: Z=1.16, p=.138).

Murray et al. Page 5

Cogn Neurosci. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Persistence: We performed four repeated-measures ANOVAs to investigate sex 

differences in persistence in the four TNSs of interest defined by our initial analyses (States 

4, 5, 6, and 8). Significant effects survived a Bonferroni multiple comparison correction (i.e., 

.05/4, p ≤ .0125).

Significant main effects of sex were observed for persistence in both SN states (State 5: 

(F(1,360)= 10.73, p = .001, partial η2= .029) and State 8: (F(1,360)= 10.67, p = .001, partial 

η2= .029). There were no significant main effects of session or sex by session interactions. 

In post-hoc t-tests, males persisted for longer periods of time in State 5 (t(722)= 3.88, p 
< .001) and State 8 (t(722)= 3.91, p < .001)) compared to females (Figure 3). Kolmogorov­

Smirnov tests revealed significant sex-differences in the distribution of TNS persistence for 

both scan sessions for State 8 (Scan 1: Z=2.05, p<.001, Scan 2: Z=1.58, p=.014) and in the 

first scan session only for State 5 (Scan 1: Z=1.73, p=.005, Scan 2: Z=1.21, p=.108).

Frequency of Transitions into Specific TNSs: We performed four repeated-measures 

ANOVAs to investigate sex differences relating to the overall frequency of transitions into 

the four TNSs of interest. Significant effects survived a Bonferroni multiple comparison 

correction (i.e., .05/4, p ≤ .0125).

Significant main effects of sex were observed for frequency of transitions into the State 

4 (F(1,360)= 40.60, p < .001, partial η2= .101) and State 6 (F(1,360)= 30.31, p < .001, 

partial η2= .078). There were no significant main effects of session or sex by session 

interactions. In post-hoc t-tests, females made more frequent transitions into State 4 (t(722)= 

−7.74, p < .001) and State 6 (t(722)= −6.58, p < .001) compared to males (Figure 

4). Kolmogorov-Smirnov tests revealed significant sex differences in the distribution of 

frequency of transitions into TNS for both scan sessions for State 4 (Scan 1: Z=2.37, p<.001, 

Scan 2: Z=2.31, p<.001) and State 6 (Scan 1: Z=2.26, p<.001, Scan 2: Z=2.00, p<.001).

Frequency of Specific TNS-to-TNS Transitions: We next investigated sex differences 

in the state-to-state transition patterns. We examined the frequency of transitions into each 

of the four TNSs of interest from the remaining TNSs (e.g., transitions into State 4 from the 

other seven TNSs). Significant effects survived Bonferroni multiple comparison correction 

(i.e., .05/28, p ≤ .002; Supplemental Figure 1).

Main effects of sex were observed regarding frequency of transitions into State 4 from two 

TNSs spatially overlapping with the DMN; State 3 (F(1,360)= 15.99, p < .001, partial η2= 

.043) and State 7 (F(1,360)= 20.37, p < .001, partial η2= .054). There were no significant 

main effects of session or sex by session interactions. Post-hoc t-tests revealed that females 

made more frequent transitions into State 4 from State 3 (t(722)= −4.74, p < .001) and 

State 7 (t(722)= −5.13, p < .001) compared to males. Kolmogorov-Smirnov tests revealed 

significant sex differences in the frequency distributions for transitions into State 4 for both 

scan sessions from State 3 (Scan 1: Z=2.16, p<.001, Scan 2: Z=1.79, p=.003) and from State 

7 (Scan 1: Z=2.05, p<.001, Scan 2: Z=1.47, p=.026).

Main effects of sex were observed regarding frequency of transitions into State 6 from a 

DMN state (State 1: (F(1,360)= 23.79, p < .001, partial η2= .062), the FPN state (State 2; 
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F(1,360)= 12.49, p < .001, partial η2= .034), the DAN state (State 4; F(1,360)= 33.09, p < 

.001, partial η2= .084), and a SN state (State 8; F(1,360)= 14.90, p < .001, partial η2= .040). 

There were no significant main effects of session or sex by session interactions. Post-hoc 

t-tests revealed that females transitioned more frequently into State 6 from State 1 (t(722)= 

−5.54, p < .001), State 2 (t(722)= −3.79, p < .001), State 4 (t(722)= −6.36, p < .001), and 

State 8 (t(722)= −4.48, p < .001) compared to males. Kolmogorov-Smirnov tests revealed 

significant sex differences in the frequency distributions for transitions into State 6 for both 

scan sessions from State 1 (Scan 1: Z=2.94, p<.001, Scan 2: Z=1.63, p=.010), from State 

2 (Scan 1: Z=1.37, p<.048, Scan 2: Z=1.95, p=.001) and from State 6 (Scan 1: Z=2.05, 

p<.001, Scan 2: Z=2.05, p<.001).

Third, a significant main effect of sex was observed regarding frequency of transitions into 

State 5 from a DMN state (State 3; F(1,360)= 11.65, p = .001, partial η2= .031). There 

were no significant main effects of session or sex by session interactions. In post-hoc t-tests, 

males made more frequent transitions into State 5 from State 3 (t(722)= 3.97, p < .001) 

compared to females. Kolmogorov-Smirnov tests revealed significant sex differences in the 

frequency distributions for transitions into State 5 for both scan sessions from State 3 (Scan 

1: Z=1.73, p=.005, Scan 2: Z=1.47, p=.026).

Finally, main effects of sex were observed regarding frequency of transitions into State 8 

from one of the DMN states (State 1; F(1,360)= 34.26, p < .001, partial η2= .087) and the 

occipital/sensory-motor state (State 6; F(1,360)= 14.90, p < .001, partial η2= .040). There 

were no significant main effects of session or sex by session interactions. Post-hoc t-tests 

revealed that males transitioned into State 8 from State 1 (t(722)= 7.05, p < .001) and State 

6 (t(722)= 4.39, p < .001) more frequently compared to females. Kolmogorov-Smirnov tests 

revealed significant sex differences in the frequency distributions for transitions into State 8 

for both scan sessions from State 1 (Scan 1: Z=2.52, p<.001, Scan 2: Z=2.10, p<.001) the 

first scan session only from State 6 (Scan 1: Z=1.73, p=.005, Scan 2: Z=1.26, p=.083).

DISCUSSION

The current study is among the first to investigate sex differences in functional network 

dynamics at rest. We found that males and females exhibited different dynamic properties in 

several large-scale functional networks. Specifically, in contrast with males, females showed 

increased total time spent in TNSs spatially overlapping with the DAN and occipital/

sensory-motor brain regions. The difference can be explained by females making more 

frequent transitions into the DAN state and the occipital/sensory-motor state than males. 

Relative to females, males spent more total time in two TNSs overlapping with the SN. 

This difference can be explained by males persisting for longer periods upon entering both 

SN TNSs. Together, these results indicate that males and females display distinct dynamic 

patterns in established neurocognitive networks at rest, suggesting sex-related differences in 

intrinsic brain function.

In addition to sex differences in the total time and the frequency of transitions into DAN 

and SN states, we also identified sex differences in the transition patterns into these 

distinct attentional states. We found that State 3 (overlapping with the canonical DMN) 
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preferentially transitions into the DAN and SN states in a sex-specific manner. Females were 

more likely to transition from DMN State 3 into the DAN TNS (State 4) whereas males were 

more likely to transition from DMN State 3 into a SN TNS (State 5). Of the three DMN-like 

states identified by CAP, State 3 most closely fits the prototypical DMN as this state did 

not extend beyond standard DMN regions including the dorsal and ventral medial prefrontal 

cortex, posterior cingulate, and precuneus (Janes et al., 2020; Smith et al., 2009). The 

current work therefore indicates a sex-specific transition pattern from the standard DMN 

into distinct attentional networks. Further, our findings are in line with previous research 

indicating that females have greater static rFC within the DAN (Filippi et al., 2013) and 

males have greater static rFC between regions of the SN (Wang et al., 2014), suggesting 

that males and females have distinct functional connectivity and display different dynamic 

properties in these networks.

In addition to differences in transitions from the prototypical DMN into attentional states, 

we also found sex-specific transition patterns for other states that spatially overlapped with 

complex-DMN states (Janes et al., 2020; Kaiser et al., 2019). Our prior work (Janes et al., 

2020) considered States 1 and 7 to represent “complex-DMN” states, as they involved 

the coactivation of additional regions beyond the standard DMN. Specifically, State 1 

co-activated with frontoinsular regions involved in goal-directed behavior, including the 

anterior insula, lateral prefrontal cortex, and frontal pole, while State 7 co-activated with 

visual and sensory-motor regions. We speculated that these DMN states represent different 

modes of interoception relating to goal-related processing (i.e., State 1) and sensorimotor 

integration (i.e., State 7). The concept that different DMN states correspond with specific 

neurocognitive functions is supported by our prior findings where the frontoinsular-DMN, 

but not the “classic” DMN, was associated with major depressive disorder and rumination 

(Kaiser et al., 2019). The current findings show that these complex DMN states have 

sex-specific transition patterns; females were more likely to transition from sensory-motor 

DMN State 7 to the DAN state compared to males, whereas males were more likely to 

transition from frontoinsular-DMN State 1 to a SN state.

Beyond sex differences, examining the transition patterns of complex-DMN states may 

improve our understanding of cognition, behavior, and psychopathology. In the current 

study, we found that the frontoinsular-DMN State 1 transitions to the SN state more so 

in males, which also plays a role in goal-related motivation and orientation. However, 

the sensorimotor DMN (State 7) transitions to the DAN state more so in females, which 

is thought to regulate sensory information to guide cognitive resources and attention. 

These findings suggest that the DMN may coordinate with other networks to facilitate 

specific cognitive functions. Thus, the current findings not only inform sex differences, 

but also provide insight into how different DMN states engage other networks in a 

neurobiologically meaningful way. Relatedly, Kaiser et al. found that specific patterns of 

DMN state engagement were related to maladaptive cognition in depression. Specifically, 

greater transition frequency between a frontoinsular-DMN state and a prototypical DMN 

state was associated with rumination and depression (Kaiser et al., 2019). Thus, examining 

the dynamic features of complex-DMN states may elucidate novel relationships between 

resting-state networks and inform the understanding of cognition and psychopathology.
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Overall, our results suggest that males and females exhibit different functional network 

dynamic properties at rest pertaining to large-scale sensory orienting systems. Broadly, the 

DAN and SN are separable attention networks involved in deploying attentional resources. 

The DAN is involved in coordinating with frontoparietal systems to orient attention towards 

external stimuli of interest to successful task performance. The SN is involved in bottom-up, 

largely involuntary attention orienting towards salient external or internal stimuli (Menon 

and Uddin, 2010). Static resting-state FC within these networks has been previously 

linked to task performance. Specifically, greater FC within the DAN is related to better 

performance on sustained attention (Hampson et al., 2006), while higher static FC within 

the SN has been associated with greater cognitive flexibility (Chen et al., 2016; Tomiyama 

et al., 2019). How differences in temporal dynamic properties of these networks relate to 

cognitive performance is unclear. However, one possibility is that spending more time in 

a specific state at rest supports the ability to engage that network during a task. Such a 

conjecture, coupled with the current findings, may support findings suggesting that females 

have superior DAN-mediated attentional capacity relative to males (Conners et al., 2003; 

Dumais et al., 2018; Yuan et al., 2008).

Our findings contrast with a recent study by de Lacy and colleagues (2019). This previous 

study used a sliding-windows approach and identified that male participants as making 

more switches between various brain states whereas females were shown to exhibit greater 

persistence in a brain state corresponding to the DMN (de Lacy et al., 2019). Here, we found 

males and females displayed unique transition patterns, depending on the specific TNS 

examined. Specifically, we found that females transitioned more frequently into the DAN 

and occipital sensory/motor states whereas males exhibited greater persistence in two TNSs 

overlapping with the SN. Study-specific differences may be due to methodological variation 

as de Lacy et al. (2019) investigated functional network dynamics using spatial independent 

component analysis using a sliding windows approach, whereas we incorporated CAPs 

which evaluated large-scale brain networks. Sliding windows approaches examine average 

correlated activity of brain regions within a specified time window, whereas CAP analysis 

identifies TNSs by using both signal magnitude and spatial distribution to identify co­

activated brain regions at each TR. To our knowledge, there has not been a direct 

comparison of these methodologically different approaches to identifying and examining 

dynamic features of functional networks. In addition, an early study using the CAP 

approach reported that males had a greater occurrence rate of a TNS overlapping with 

the sensorimotor cortex than females (Liu et al., 2013). In our study, we found that females 

spent more time in, and transitioned more frequently into, a TNS spatially overlapping 

with occipital/sensory-motor regions. Such variance is likely explained by the fact that Liu 

and colleagues (2013) defined a larger number of TNSs whereas our analysis defined a 

fewer TNSs that overlapped with large-scale networks, which were not parcellated into 

sub-networks. Thus, the spatial pattern of our occipital/sensory-motor TNS, which included 

large regions of the occipital cortex, differed substantially from the sensorimotor CAP 

identified in Liu et al. and may have contributed to the different findings.
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Limitations

The current study has several limitations to consider when interpreting the results. 

First, while we investigated sex differences in specific transitions between various TNSs 

(e.g., DMN-to-DAN), we did not investigate more complex transition patterns regarding 

TNSs. Second, while our results help provide a normative baseline of sex differences in 

functional network dynamics, we did not investigate whether these differences related to 

neurocognitive performance in the current investigation. Recently, de Lacy et al. (2019), 

linked functional network dynamics to superior performance in response inhibition and 

mental rotation in males compared to females (de Lacy et al., 2019). Our prior findings also 

showed that resting-state temporal properties relate to psychopathology, cognition, and brain 

reactivity (Kaiser et al., 2019; Wang et al., 2020), supporting the need to determine whether 

there is also an influence of sex on these relationships.

Finally, given the high correspondence between biological sex and the social construct of 

gender in the general population, we are unable to disentangle whether our findings are 

driven by physiological or social components of sex and gender. Indeed, differences between 

the sexes are often subtle, often with higher variance within a sex than between (Hyde, 

2007). We also found larger variance in dynamic measures within a sex than between 

the sexes (e.g., for total time in State 4, the mean difference between males and females 

was 22.0 seconds, whereas the within-sex standard deviation was 48.3 seconds for males 

and 46.5 seconds for females). Large within-sex variability may have contributed to the 

small to medium effect sizes for most dynamic properties in our study. To explore the 

point raised by Hyde (2007), we used violin plots to display the within- and between­

sex variance of the dynamic features investigated in the current study. Despite the large 

within-sex variability, we did find significant between-sex differences in the distributions of 

functional network dynamics (i.e., two-sample K-S tests). Nevertheless, exploring subtle sex 

differences in neural function may still inform our understanding of domains in which larger 

sex differences emerge such as psychopathology (Naninck et al., 2011).

Conclusions

The current findings showed that males and females exhibited differing functional network 

dynamic properties at rest. Specifically, females exhibited increased total time spent in states 

which overlap with the DAN and occipital/sensory-motor network, whereas males exhibited 

increased total time spent in states overlapping with the SN. Furthermore, males and females 

made unique transitions from various TNSs to distinct attentional states. Results obtained 

provide novel insights into sex differences regarding the temporal dynamics of large-scale 

brain networks at rest and may help inform future research investigating sex differences in 

neurocognitive functioning and psychopathology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Transient Network States (TNSs) Displaying Sex-Related Differences in Total Time 
Spent in State.
Figure 1. (A) Transient Network States (TNSs) with significant sex-related differences in 

total time spent in each state. Warm colors represent activation while cool colors represent 

deactivation (relative to within-state global average). State numbers are identified at the top 

of the figure, while the resting state network each state spatially overlaps with is listed below 

the brain image. (B) Raw unnormalized representation of each state grouped by prototypical 

resting state network divisions. The color bar represents the relative activation (warm colors, 

higher activation relative to raw average) and deactivation (cool colors, lower activation 

relative to raw average) for each region, within each transient network state. Figure adapted, 

with permission, from Janes et al., 2020, under a creative commons attribution license 

https://creativecommons.org/licenses/by/4.0/.
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Figure 2: Sex-Related Differences in Total Time Spent in TNSs of Interest.
Figure 2. Frequency distributions of males and females for the total time spent in each 

TNS of interest. Females exhibited increased total time spent in States 4 and 6, whereas 

males exhibited increased total time spent in States 5 and 8. There were no significant sex 

differences in total time spent in the other four TNSs investigated. Independent samples 

Kolmogorov-Smirnov tests were used to examine differences in the frequency distributions 

between males and females (State 4: Scan 1: K-S Z=2.63, p<.001, Scan 2: K-S Z=1.63, 

p=.010; State 5: Scan 1: K-S Z=1.52, p=.019, Scan 2: K-S Z=1.31, p=.063; State 6: Scan 

1: K-S Z=2.21, p<.001, Scan 2: K-S Z=1.16, p=.138; State 8: Scan 1: K-S Z=2.26, p<.001, 

Scan 2: K-S Z=1.79, p=.003).
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Figure 3: Sex-Related Differences in Persistence in TNSs of Interest.
Figure 3. Frequency distributions of males and females for the persistence in each TNS 

of interest. Males exhibited greater persistence in both TNSs overlapping with the salience 

network (State 5 and 8) compared to females. Independent samples Kolmogorov-Smirnov 

tests were used to examine differences in the frequency distributions between males and 

females (State 5: Scan 1: K-S Z=1.73, p=.005, Scan 2: K-S Z=1.21, p=.108; State 8: Scan 1: 

K-S Z=2.05, p<.001, Scan 2: K-S Z=1.58, p=.014).
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Figure 4: Sex-Related Differences in Frequency of Transitions into TNSs of Interest
Figure 4. Frequency distributions of males and females for the frequency of transitions 

into each TNS of interest. Compared to males, females transitioned more frequently into 

the TNSs overlapping with DAN and occipital/sensory-motor states (State 4 and State 6). 

Independent samples Kolmogorov-Smirnov tests were used to examine differences in the 

frequency distributions between males and females (State 4: Scan 1: K-S Z=2.37, p<.001, 

Scan 2: K-S Z=2.31, p<.001; State 6: Scan 1: K-S Z=2.26, p<.001, Scan 2: K-S Z=2.00, 

p<.001).
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