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Abstract
Cortical inhibition is theorized to reflect an underlying property of human brain function, sharpening tuning and shaping 
connectivity. Although age and sex effects on large-scale resting-state brain connectivity have been well documented, effects 
on local cortical inhibition have received relatively limited attention. Here, we evaluated age and sex effects on presumed 
local inhibitory interactions in 6 lateral cortical areas using resting-state functional magnetic resonance imaging (fMRI) data 
acquired from 1054 young adults who participated in the Human Connectome Project. For each area, all possible pairwise 
crosscorrelations between prewhitened blood oxygenation level-dependent (BOLD) time series were calculated, and the 
highest value (CCmax) was retained to determine the mean and percentage of negative and positive CCmax. Here, we focused 
on the percentage of negative CCmax which we referred to as presumed “percent inhibition”. The results documented regional 
differences in percent inhibition as well as age and sex effects, such that women’s brains were characterized by significantly 
higher percent inhibition than men overall and in 4 of the 6 cortical areas, and the percent inhibition increased significantly 
with age in all 6 areas for women but in only one area for men. The findings from this young adult sample are presumed to 
reflect ongoing maturational processes involving local network connectivity that may be shaped by sex differences in brain 
structure, function, and neurochemistry.
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Introduction

For decades, neuroimaging has provided an increasingly 
nuanced glimpse into the complexities of human brain 
activity. Although neuroimaging research was tradition-
ally dominated by investigations of brain activity evoked by 
stimuli, functional magnetic resonance imaging (fMRI) stud-
ies documenting temporally correlated brain activity in the 
absence of stimuli (i.e., at rest) (Biswal et al. 1995; Greicius 
et al. 2003; Zhang et al. 2008; Fox and Raichle 2007; Smith 
et al. 2009) prompted a surge of investigations into resting-
state brain function (for reviews, see Friston et al. 1993; 
Buckner et al. 2013; Van Den Heuvel et al. 2010). At-rest 
brain function is characterized by remarkably high energy 
consumption indicative of immense ongoing brain activity 
even in the absence of task performance (Raichle 2015). In 
the absence of task constraints, resting-state neuroimaging 
studies permit evaluation of dynamic brain activity reflecting 
intrinsic functional connections between and within brain 
regions.
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Human brain activity is facilitated by dynamic neuronal 
interactions shaped by the convergence of inhibitory and 
excitatory inputs, the output of which can be captured via 
fMRI. Substantial evidence indicates that cortical inhibi-
tion influences global brain dynamics (Deco et al. 2014), 
regulates activity of cortical neurons, and sharpens local 
cortical circuits (Stefanis and Jasper 1964; Georgopoulos 
and Stefanis 2007; Merchant et al. 2008, 2014; Georgopou-
los and Stefanis 2010; Isaacson and Scanziani 2011; Lee 
et al. 2012; Li et al. 2012a, b; Georgopoulos 2014; Geor-
gopoulos and Carpenter 2015; Merchant and Georgopoulos 
2018). Inhibitory activity influences not only long-range 
(e.g., inter-hemispheric; Carson 2020) cortical activity but 
also local neuronal populations (Georgopoulos 2014; Lee 
et al. 2012; Li et al. 2012a,b; Merchant and Georgopoulos 
2018). For example, by shaping the neuronal population 
vector, local cortical inhibition has been shown to play a 
critical role in enhancing movement accuracy (Mahan and 
Georgopoulos 2013; Georgopoulos 2014; Georgopoulos and 
Carpenter 2015) and improving visual perception (Lee et al. 
2012; Li et al. 2012a, b). Moreover, local cortical inhibition 
is theorized to reflect an underlying property of human brain 
function (Georgopoulos 2014). Here, we used resting-state 
fMRI (rs-fMRI) to evaluate local inhibition in 6 cortical 
areas and to explore sex and age effects on inhibition in 
healthy participants.

Several prior fMRI studies have documented sex- and 
age-related differences in large-scale resting-state brain 
functional connectivity (Allen et al. 2011; Biswal et al. 
2010; de Lacy et al. 2019; Fair et al. 2009; Filippi et al. 
2013; Geerligs et al. 2015; Scheinost et al. 2015; Tomasi 
& Volkow 2012a, b; Zhang et al. 2018; Weissman-Fogel 
et al. 2010). Comparatively, the effects of age and sex on 
local networks have received relatively limited attention. 
One study reported age-related decreased connectivity lim-
ited to networks involved in higher level cognitive function 
(Geerligs et al. 2015). Another influential study documented 
nearly ubiquitous decrease in functional connectivity with 
age and modestly stronger within-network connectivity for 
females relative to males, particularly involving sensorimo-
tor networks (Allen et al. 2011). Others have similarly found 
increased within-network resting-state functional connectiv-
ity in females and, conversely, increased resting-state func-
tional connectivity between networks in males, that corre-
sponded to sex differences on cognitive tasks (Satterthwaite 
et al. 2015). A recently developed technique, referred to as 
regional homogeneity, assesses the functional coherence 
of a given voxel with its nearest neighboring voxels, and 
is interpreted as an index of local connectivity (Zang et al. 
2004). Investigations of age and sex differences in regional 
homogeneity have similarly documented decreased regional 
homogeneity with age in practically all brain regions 
(Wu et al. 2007; Lopez-Larson et al. 2011), whereas sex 

differences in regional homogeneity were limited to medial 
temporal regions (Lopez-Larson et al. 2011). Here, we take 
an alternative approach, evaluating age and sex differences 
in local connectivity in terms of the relative influence of 
presumed excitatory and inhibitory interactions.

Materials and methods

Participants

Data from the Human Connectome Project-Young Adults 
(HCP-YA 1200 Subjects Data Release March 1, 2017) were 
used in this study (Van Essen et al. 2013). Participants com-
prised 575 women and 479 men, for a total N = 1054. The 
age of participants was given in years; the handedness of the 
participants (Oldfield 1971; Schachter et al. 1987) ranged 
from − 100 (most left handed) to 100 (most right handed). 
All subjects provided written informed consent and the Insti-
tutional Review Board of Washington University in St. Louis 
approved the research protocol. Our analyses were approved 
by a local IRB Committee.

fMRI data collection

fMRI data were collected at Washington University St. 
Louis using a 32-channel customized Siemens 3T scan-
ner, with image acquisition methods described by Uğurbil 
et al. (2013). The structural scans include T1-weighted and 
T2-weighted images, acquired at high 0.7 mm isotropic 
resolution. Resting-state fMRI images were collected using 
a gradient-echo echo planar imaging (EPI) sequence with 
the following parameters: TR = 720 ms, flip angle = 52°, 
FOV = 208 × 180 mm, matrix = 104 × 90, 2.0 mm isotropic 
voxels, 72 slices covering the entire brain, and multiband 
factor = 8. The HCP’s main pipeline was implemented on 
the fMRI datasets for preprocessing (Glasser et al. 2013). 
This pipeline removes spatial artifacts and distortions, rea-
ligns volumes to compensate for subject motion, registers 
the fMRI data to the structural MRI, and spatially transforms 
to the standard Montreal Neurological Institute (MNI) space.

fMRI data preprocessing

We investigated neural interactions at rest in the following 6 
cortical areas (Desikan-Killiany atlas; Desikan et al. 2006): 
superior frontal gyrus, precentral gyrus, postcentral gyrus, 
superior parietal cortex, inferior parietal cortex, and lateral 
occipital cortex. Resting-state fMRI time series of each ver-
tex consisted of 1200 Blood Oxygenation Level-Dependent 
(BOLD) values acquired every 720 ms. These BOLD time 
series were prewhitened using an Autoregressive Integra-
tive Moving Average (ARIMA) model of orders (15, 1, 1) 
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(Christova et al. 2011; Christova and Georgopoulos 2018) to 
obtain practically white noise residuals (innovations). This 
procedure removes the internal dependencies from within 
each series and paves the way for unbiased estimation of 
interactions between time series.

Data analysis

Crosscorrelations

All possible pairwise crosscorrelation functions (CCFs) 
between innovations within each of the 6 areas of the left 
and right hemispheres were calculated using ± 10 lags, cor-
responding to total ± 7.2 s; each CCF consisted of 21 cross-
correlations (10 negative lags + 10 positive lags + zero lag). 
For each CCF, we located the highest absolute crosscor-
relation (|CC|max), and retained its value and sign (negative, 
positive); an example is shown in Fig. 1. CCmax values were 
Fisher z-transformed (Fisher 1958) to normalize their dis-
tribution for statistical analyses

For each area, we computed the mean ± zCCmax and the 
percentage of positive and negative CCmax. Thus, the data-
set analyzed with regard to age and sex comprised 1054 
brains × 2 hemispheres × 6 areas = 12,648 − CCmax values. 
Given that the positive and negative percentages add 100%, 
we will report on the analyses only of the percentage of 
negative CCmax which we call “percent inhibition”.

(1)±zCCmax = atanh(±CCmax).

Statistical analyses

Standard statistical methods were used to analyze the data, 
including analysis of covariance (ANCOVA), linear regres-
sion, and Pearson correlation. Statistical analyses were per-
formed using the IBM-SPSS package (IBM-SPSS Statistics 
for Windows, Version 27.0, 64-bit edition. Armonk, NY: 
IBM Corp; 2020).

Results

Age

The frequency distributions of age for women and men are 
shown in Fig. 2. Age-related statistics are given in Table 1. 
Women were statistically significantly older than men 
(Mann–Whitney U test, z = 7.021, P < 0.001).

Handedness

The frequency distributions of handedness for women and 
men are shown in Fig. 3. The handedness of the participants 
ranged from − 100 (most left handed) to 100 (most right 
handed); handedness-related statistics are given in Table 2. 
Given the heavily skewed distributions of handedness 
(Fig. 3), they were compared using nonparametric statistics; 
women were statistically significantly more right handed 
than men (Mann–Whitney U test, z = 6.658, P < 0.001).

Fig. 1   An example of crosscorrelation function (CCF) calculated 
between 2 innovations from lag −10 to lag + 10 including zero lag. 
The highest absolute crosscorrelation (|CC|max) (red color) was 
obtained, and its value and sign were retained

Fig. 2   Frequency distribution of participant’s age in years: men (top) 
N = 479 and women (bottom) N = 575. For details, see Table 1
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Percent inhibition

Descriptives

The overall frequency distribution of percent inhibition is 

shown in Fig. 4 and those for women and men are shown in 
Fig. 5. Descriptive statistics are given in Table 3. Women 
had statistically significantly higher percent inhibition than 
men (Mann–Whitney U test, z = 12.52, P < 0.001).

Hemispheres

The percent inhibition was highly correlated between the 
left and right hemispheres in all 6 areas (Figs. 6, 7, 8, 
P < 0.001 for all areas).

Areas

The frequency distributions of percent inhibition are shown 
in Fig. 9. It can be seen that percent inhibition tended to be 
more frequent in anterior than in posterior areas. This aspect 

was analyzed quantitatively using an ANCOVA (see Meth-
ods), as follows. In an initial repeated-measures ANCOVA, 
we evaluated the effects on percent inhibition (averaged over 

Table 1   Age statistics for the 
participants. SD, standard 
deviation; SEM, standard error 
of the mean; min, minimum; 
max, maximum

N Mean (y) SD SEM Median Min (y) Max (y)

Women 575 29.5 3.59 0.15 30.0 22 36
Men 479 27.9 3.64 0.17 28.0 22 37
Total 1054 28.8 3.70 0.11 29.0 22 37

Fig. 3   Frequency distribution of participant’s handedness ranged 
from -100 (most left handed) and + 100 (most right handed): men 
(top) N = 479 and women (bottom) N = 575. For details, see Table 2

Table 2   Handedness statistics for the participants. SD, standard deviation; SEM, standard error of the mean; min, minimum; max, maximum

N Mean SD SEM Median Min Max

Men 479 60.9 43.78 2.00 75.0  − 100 100
Women 575 70.6 43.42 1.81 80.0  − 100 100

Fig. 4   Frequency distribution of percent inhibition in 1054 partici-
pants × 2 hemispheres × 6 cortical areas = 12,648

Fig. 5   Frequency distribution of percent inhibition: men (top) 479 
participants × 2 hemispheres × 6 cortical areas N = 5748 and women 
(bottom) 575 participants × 2 hemispheres × 6 cortical areas N = 6900. 
For details, see Table 3
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the two hemispheres) of repeated measure Area (6 cortical 
areas; “Within Subjects Effect”) and fixed factor Sex (male, 
female; “Between-Subjects Effect”), with Age and Handed-
ness as covariates. Handedness did not have a statistically 
significant effect (F test, F[1,1050] = 0.032, P = 0.858) and was 
eliminated from further analyses. In contrast, Area, Sex, and 
Age had highly significant effects and were retained for the 
next ANCOVA. This yielded the following results.

(a) The main effect of Sex was highly significant (Fig. 10; 
F test, F[1,1050] = 15.65, P < 0.001); more specifically, 

Table 3   Percent inhibition 
statistics for the participants

SD standard deviation; SEM standard error of the mean; min minimum; max maximum. N for 
women = 575 participants × 6 areas × 2 hemispheres = 6900; N for men = 479 × 6 × 2 = 5,748; N 
total = 1054 × 6 × 2 = 12,648

N Mean SD SEM Median Min Max

Women 6,900 20.17 9.25 0.111 19.36 1.63 45.17
Men 5,748 18.12 8.68 0.114 16.81 1.55 45.87
Total 12,648 19.24 9.05 0.080 18.14 1.55 45.87

Fig. 6   Scatter plot of percent inhibition in the left hemisphere vs the 
right hemisphere in superior frontal gyrus (N = 1054) and precentral 
gyrus (N = 1054)

Fig. 7   Scatter plot of percent inhibition in the left hemisphere vs the 
right hemisphere in postcentral gyrus (N = 1054) and superior parietal 
cortex (N = 1054)

Fig. 8   Scatter plot of percent inhibition in the left hemisphere vs the 
right hemisphere in inferior parietal cortex (N = 1054) and lateral 
occipital cortex (N = 1054)

Fig. 9   Frequency distribution of percent inhibition of 1054 partici-
pants (average of left and right hemisphere) of 6 cortical areas, as 
shown

Fig. 10   Main effect of sex. Mean ± 95% confidence intervals (CI) 
of percent inhibition for women (red) 575 participants × 2 hemi-
spheres × 6 cortical areas (N = 6900) and men (blue) 479 partici-
pants × 2 hemispheres × 6 cortical areas (N = 5748)
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women had a higher percent inhibition (20.001 ± 0.283, 
mean ± SEM) than men (18.318 ± 0.311) by a mean differ-
ence of 1.682 ± 0.428 (P < 0.001, as the F test above).

(b) The main effect of Area was highly significant 
(Fig. 11; Greenhouse–Geisser test, P < 0.001; sphericity not 
assumed, since Mauchy’s test of sphericity was highly sig-
nificant, P < 0.001); superior frontal had the highest percent 
inhibition (27.3%), whereas postcentral and lateral occipital 
had the lowest (15.8% and 15.6%, respectively). There were 
15 possible pairwise comparisons between the mean percent 
inhibition of the 6 areas; all comparisons yielded statistically 

significant differences (P < 0.05, pairwise tests in ANCOVA, 
Bonferroni corrected), except for the postcentral vs. lateral 
occipital difference which was not significant.

(c) The Sex × Area interaction term was highly signifi-
cant (Fig. 12; Greenhouse–Geisser test, P < 0.001). We 
investigated this further by performing 6 univariate ANCO-
VAs with percent inhibition of each area as the dependent 
variable, sex as a fixed factor, and age as a covariate. Women 
had significantly higher (P < 0.001) percent inhibition than 
men in all areas except for postcentral and lateral occipital, 
for which the difference was not statistically significant.

(d) The overall effect of Age was highly statistically sig-
nificant (F test, repeated-measures ANCOVA, P < 0.001). 
The Area × Age interaction term was not statistically signifi-
cant (P = 0.147; Greenhouse–Geisser test). Indeed, the per-
cent inhibition increased significantly with age in all 6 areas. 
We investigated this finding further by performing 6 linear 
regressions of percent inhibition vs. age, i.e., a regression 
for each one of the 6 areas. The results are shown in Table 4 
and plotted in Figs. 13, 14, 15. In addition, we investigated 
whether the dependence of percent inhibition on age differed 
between women and men by performing the same regres-
sions separately for women and men. Indeed, we found that 
percent inhibition increased highly significantly with age 
in women, in all 6 areas; in contrast, in men, this effect was 
marginally significant for superior frontal but not statisti-
cally significant for any of the remaining 5 areas (Table 5). 
Finally, we averaged percent inhibition across all 6 areas 
and regressed it against age separately for men and women 
(Fig. 16). We found that there was no significant depend-
ence of overall percent inhibition in men (b (slope) = 0.133, 
t = 1.613, P = 0.107) but a strong one in women (b = 0.308, 
t = 3.886, P < 0.001).

Discussion

Methodological considerations

Here, we evaluated age and sex effects on resting-state 
presumed cortical inhibition in healthy young adults. Our 
basic measure was negative crosscorrelation of prewhit-
ened BOLD time series within a cortical area. We use 

Fig. 11   Main effect of area. Mean ± 95% CI of percent inhibition 
in the areas indicated; superior frontal gyrus (SF), precentral gyrus 
(PRE), postcentral gyrus (POST), superior parietal cortex (SPL), 
inferior parietal cortex (IPL), and lateral occipital cortex (OCC)

Fig. 12   Mean ± 95% CI of percent inhibition in the 6 areas in women 
(red) and men (blue). Abbreviations as in Fig. 11

Table 4   Linear regression 
statistics of percent inhibition 
vs. age. N = 1054

b SE Correlation t value P value Figure #

Superior frontal 0.386 0.069 0.170 5.604  < 0.001 13
Precentral 0.296 0.070 0.129 4.222  < 0.001 13
Postcentral 0.232 0.066 0.107 3.498  < 0.001 14
Superior parietal 0.235 0.061 0.118 3.857  < 0.001 14
Inferior parietal 0.279 0.064 0.134 4.374  < 0.001 15
Lateral occipital 0.231 0.056 0.126 4.113  < 0.001 15
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the term “presumed inhibition” in an operational sense, 
to denote a negative interaction between two time series. 
“True” inhibition can only be ascertained by intracellular 
recording, a method not feasible in humans and used in 
animal studies under special circumstances (e.g., Stefanis 
and Jasper 1964). And yet, even in extracellular electro-
physiological studies, positive and negative peaks in the 
crosscorrelogram between two spike trains (Perkel et al. 

1967) or local field potentials (LFP) (Merchant et  al. 
2014) are referred to as denoting excitation and inhibition, 
respectively. Our use in this study of the term “presumed 
inhibition” to label negative crosscorrelations between 
BOLD time series is based on (a) the well-documented 
association and dependence of the BOLD signal on LFP 
(Logothetis 2002), and (b) the interpretation of LFP posi-
tive and negative crosscorrelations as denoting excitatory 
and inhibitory neural interactions, respectively (Merchant 
et al. 2014); the qualification “presumed” in the title of the 
paper signifies the uncertainty associated with assessing 
inhibitory effects in the absence of intracellular recordings.

Cortical areas studied

In this study, we focused on 6 areas located on the lateral 
surface of the cortical hemispheres and spanning 3 lobes 
(frontal, parietal, and occipital). These areas are intercon-
nected (Caminiti et al. 1999), they are involved in visuomo-
tor coordination, including visual control of reaching and 
eye movements (Johnson et al. 1996; Battaglia-Mayer et al. 
2000), and the local excitatory interactions in them have 
been thoroughly analyzed (Christova and Georgopoulos 
2018). In the present study, we extend the investigation of 
these areas to include presumed local inhibitory interactions 
and the effects of sex and age on them.

Local cortical inhibitory mechanisms

Cortical inhibition has been purported to shape brain activity 
through several mechanisms, including influencing excita-
tory activity, impacting the pacing and synchronization of 
spontaneous and evoked oscillations, and sharpening tun-
ing (Isaacson and Scanziani 2011; Georgopoulos 2014). For 
instance, inhibition in the motor cortex has been shown to 
play a prominent role in the tuning of the neuronal popu-
lation vector, thereby shaping accuracy and precision of 
behavioral outputs (Georgopoulos 2014). Here, we docu-
mented regional variation in cortical inhibition with the 
highest percent inhibition found in the superior frontal areas 
and the lowest percent inhibition found in postcentral and 
lateral occipital areas. This is consistent with the previous 
studies documenting regional differences in cortical con-
nectivity profiles (Sepulcre et al. 2010), and stronger posi-
tive within-network correlations within the motor, visual, 
and auditory cortex than within frontal regions (Allen et al. 
2011). Those findings coupled with evidence of regional 
variation in inhibition observed here highlight important dif-
ferences in local cortical interactions in brain regions under-
lying higher order cognitive processes such as the superior 
frontal region versus primary sensory and motor regions.

Fig. 13   Scatter plot of percent inhibition (averaged between hemi-
spheres) vs age in years for superior frontal and precentral areas. See 
Table 4 for detailed results

Fig. 14   Scatter plot of percent inhibition (averaged between hemi-
spheres) vs age in years for postcentral and superior parietal areas. 
See Table 4 for detailed results

Fig. 15   Scatter plot of percent inhibition (averaged between hemi-
spheres) vs age in years for inferior parietal and lateral occipital 
areas. See Table 4 for detailed results
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Effects of sex

Here, we documented sex differences in local connectivity 
characterized by higher percent inhibition in women than 
men both globally and in 4 of the 6 areas evaluated—supe-
rior frontal gyrus, precentral gyrus, superior parietal, and 
inferior parietal cortices. Numerous sex differences in brain 
structure and function have been documented. In women, 
these include reduced brain volume, higher percentage of 
gray matter, and lower percentage of white matter (Cosgrove 
et al. 2007), higher processing efficiency (Christova et al. 
2008), greater functional segregation (Satterthwaite et al. 
2015), greater local functional connectivity density (Tomasi 
and Volkow 2012b), and greater cortical complexity (Lud-
ers et al. 2004). Sex differences in resting-state functional 
connectivity (Biswal et al. 2010; Lopez-Larson et al. 2011; 
Zhang et al. 2018) have also been shown to underlie sex 
differences in cognitive performance (Satterthwaite et al. 
2015). In addition, women’s brains are characterized by 
greater cerebral blood flow and neurochemical differences 
relative to men (Cosgrove et al. 2007). Recent evidence has 

documented sex differences in gamma-aminobutyric acid 
(GABA), the primary neurotransmitter involved in inhibi-
tion, although methodological differences have resulted in 
inconsistent findings (Sanacora et al. 1999; O’Gorman et al. 
2011). GABA has been shown to vary across the menstrual 
cycle, suggesting that it is at least partially regulated by sex 
hormones (Epperson et al. 2002). Indeed, estradiol, proges-
terone, testosterone, and other neuroreactive steroids have 
been shown to modulate multiple neurotransmitters includ-
ing GABA, with regionally specific effects (Zheng 2009; 
McEwen and Milner 2017). In addition to sex differences in 
GABA, regional differences in GABA concentrations across 
the cortex have been reported (Greenhouse et al. 2016). Such 
sex and regional differences in GABA may contribute to 
the global and regional sex differences in percent inhibition 
observed here.

Effects of age

Percent inhibition was also highly associated with age. Spe-
cifically, percent inhibition increased with age globally and 
in all 6 areas. This age dependence is consistent with an 
extensive body of research documenting maturational brain 
changes including age-related changes in local connectivity 
(Allen et al. 2011; Wu et al. 2007; Lopez-Larson et al. 2011). 
For instance, it has previously been shown that brain net-
works progress from local, short-range connections to dis-
tributed long-range networks with age, presumably resulting 
in increased efficiency and reduced redundancy, before likely 
continuing inversely with advanced age (Fair et al. 2009). 
Throughout early development and into adulthood, brain 
maturation occurs sequentially starting in sensorimotor areas 
and progressing into areas supporting successively higher 
order cognitive functions (Marsh et al. 2008). Since the par-
ticipants included in the present study were young adults 
within a relatively narrow age range (22–37 years), our 
findings regarding age-related changes in cortical inhibition 

Table 5   Linear regression 
statistics of percent inhibition 
vs. age for women (W; N = 575) 
and men (M; N = 479)

Sex b SE Correlation t value P value

Superior frontal W 0.388 0.093 0.171 4.163  < 0.001
M 0.231 0.105 0.100 2.199 0.028

Precentral W 0.301 0.100 0.125 3.017 0.003
M 0.165 0.102 0.074 1.615 NS

Postcentral W 0.276 0.098 0.117 2.815 0.005
M 0.135 0.092 0.067 1.465 NS

Superior parietal W 0.267 0.087 0.127 3.058 0.002
M 0.087 0.088 0.045 0.993 NS

Inferior parietal W 0.306 0.087 0.146 3.524  < 0.001
M 0.094 0.097 0.044 0.967 NS

Lateral occipital W 0.309 0.080 0.159 3.850  < 0.001
M 0.089 0.082 0.050 1.088 NS

Fig. 16   Scatter plot of percent inhibition (averaged between hemi-
spheres and 6 areas) vs age in years for men (blue; N = 479) and 
women (red; N = 575). See Table 5 for detailed results
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may reflect ongoing maturational processes involving local 
network connectivity, presumably facilitating tuning of the 
local circuitry. Notably, the dependence of percent inhibi-
tion on age differed between women and men in our study. 
In women, percent inhibition increased highly significantly 
with age in all 6 areas, whereas percent inhibition increased 
modestly for men only in the superior frontal area. Others 
have similarly reported sex differences in-related trajec-
tories of functional connectivity (Scheinost et al. 2015). 
Taken together, our findings and those of others highlight 
the importance of considering independent and interacting 
age and sex effects on resting-state connectivity.

Overall, the current study documents a strong depend-
ence of percent inhibition on age in women, but not in 
men, consistently within all studied cortical areas. These 
findings dovetail with other studies documenting sex and 
age as moderators of functional connectivity and highlight 
the relative influence of excitatory and inhibitory interac-
tions as a useful index of local connectivity. Strengths of 
the study include a large sample with relatively equal num-
bers of men and women and state-of-the-art data collected 
on a customized 3T scanner using advanced acquisition 
methods (Uğurbil et al. 2013). However, the findings must 
also be considered within the context of study limitations 
and qualifications. The study sample evaluated here was 
comprised of healthy young adults ranging in age from 
22 to 37 years. In light of well-established brain matura-
tional changes, the findings of the present study may not 
generalize to individuals outside of this age range—for 
instance, to older adults. To that end, a recent study found 
significantly lower GABAergic cortical inhibition in older 
healthy adults compared to younger adults (Lissemore 
et al. 2018). That finding, coupled with the findings of the 
present study, raises the possibility that local cortical inhi-
bition, particularly in women, increases with age, peaks, 
and then decreases again with advancing age, following 
a maturational trajectory similar to maturational changes 
in local vs distributed networks (Fair et al. 2009). Evalu-
ation of local inhibitory interactions across the lifespan 
and with regard to sex, age, and their interacting effects 
(e.g., changes in estrogen across the lifespan) remain to 
be investigated.
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