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Significance

Resting-state neuroimaging 
techniques provide a unique 
opportunity to image the human 
brain in populations who may 
have di昀케culty performing 
cognitive tasks in the scanner. 
This includes clinical populations, 
young children, and older adults. 
In the largest MEG resting-state 
study to date, we address 
limitations in the current 
resting-state M/EEG literature, 
including the focus on narrow 
developmental windows, coarse 
spatial speci昀椀city, and limited use 
of absolute and relative power 
maps together, especially in 
spatially resolved 
electrophysiological studies. Our 
昀椀ndings provide groundbreaking 
evidence that sex di昀昀erences are 
often obscured by the use of 
relative versus absolute power 
maps and more broadly establish 
normative trajectories of the 
resting-state brain by illuminating 
age- and sex-related trends 
across the lifespan.
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In the largest and most expansive lifespan magnetoencephalography (MEG) study to 
date (n = 434, 6 to 84 y), we provide critical data on the normative trajectory of rest-
ing-state spontaneous activity and its temporal dynamics. We perform cutting-edge 
analyses to examine age and sex effects on whole-brain, spatially-resolved relative and 
absolute power maps, and find significant age effects in all spectral bands in both types 
of maps. Specifically, lower frequencies showed a negative correlation with age, while 
higher frequencies positively correlated with age. �ese correlations were further probed 
with hierarchical regressions, which revealed significant nonlinear trajectories in key 
brain regions. Sex effects were found in absolute but not relative power maps, high-
lighting key differences between outcome indices that are generally used interchangea-
bly. Our rigorous and innovative approach provides multispectral maps indicating the 
unique trajectory of spontaneous neural activity across the lifespan, and illuminates key 
methodological considerations with the widely used relative/absolute power maps of 
spontaneous cortical dynamics.

oscillations | magnetoencephalography | aging | development | lifespan

�e advent of resting-state neuroimaging has provided a window into dynamic functional 
architectures underlying a myriad of processes, including brain development, aging, disease 
states, and psychopathology (1–10). Resting-state brain activity has been extensively cap-
tured and described using a range of neuroimaging techniques including functional MRI 
based on the blood oxygenation-level dependent signal, as well as methods examining the 
oscillatory dynamics of resting-state activity (i.e., spontaneous cortical activity), such as 
electroencephalography (EEG) and magnetoencephalography (MEG), which provide 
exquisite temporal resolution. A long history of resting-state studies utilizing EEG (for a 
brief review of EEG studies, see SI Appendix) have provided a solid foundation for more 
recent methodological advancements in resting-state electrophysiological imaging using 
MEG and EEG (11–13).

In addition to the high temporal resolution (~1 ms), MEG has excellent spatial precision 
(~3 to 5 mm), is noninvasive and silent, and provides reference-free measurements of 
electrical activity in active neural populations. �ese strengths make it an ideal modality 
for capturing developmental change in neuronal dynamics across a wide swath of the 
lifespan (14, 15). Using such imaging methods has yielded unique insights into how spon-
taneous oscillations within neuronal populations dynamically unfold. �us far, many of 
these studies have focused on aberrant activity in pathological conditions such as Alzheimer’s 
and Parkinson’s disease (3, 5–7, 16, 17). Although several recent studies have shown remark-
able shifts in the power of spontaneous cortical activity in healthy developmental and aging 
samples (18–20). Speci�cally, both the developing brain and the healthy aging brain seem 
to exhibit marked decreases in the lower canonical bands (i.e., delta, theta) along with 
increases in the higher frequencies (i.e., alpha, beta, gamma) (8–10, 13, 21–25).

A number of studies have examined developmentally focused e�ects of spontaneous 
cortical activity in populations ranging from childhood through adolescence, and into 
midadulthood. For example, in a sample of 9 to 15 y olds, Ott et al. found decreases in 
relative delta power with age and increases in relative alpha, beta, and gamma power with 
age during the transition from childhood to adolescence (26). Additionally, sex di�erences 
were observed in brain regions with protracted developmental trajectories across multiple 
frequency bands (i.e., delta, alpha, and beta) (26). In an earlier study that focused pre-
dominately on male participants from age 6 to 45 y, age-related increases in alpha power 
were detected in the temporal lobe, beta increases were seen in many brain regions, and 
gamma power increases were found primarily in the frontal lobe, while age-related decreases 
in theta were reported in the occipital lobe (27). �ese �ndings were largely con�rmed 
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in a subsample representing an even sex distribution, although the 
theta �ndings were less stable suggesting that theta may be more 
sexually dimorphic (27).

Other studies have focused on adult samples to identify aging 
e�ects in spontaneous neural dynamics. Hoshi and Shigihara exam-
ined age- and gender-speci�c characteristics in a sample of healthy 
adults aged 22 to 75 y and found that higher frequencies increased 
with age in anterior regions and decreased in posterior regions, 
while lower frequencies did not show a signi�cant change with age 
(9). Additionally, sex di�erences were found in anterior regions of 
the brain such that males had stronger power in lower frequencies 
and females had stronger power in higher frequencies (9). However, 
using a larger age range (i.e., 7 to 84 y), another study found that 
spontaneous activity may follow a quadratic trajectory as opposed 
to a linear trend across the lifespan (8). Speci�cally, lower frequen-
cies tended to decrease with age from childhood to adolescence 
while higher frequencies increased. However, around the sixth dec-
ade of life this trend switched directionality suggesting that relative 
power trends may not be linear across the whole lifespan (8). Of 
note, this study used whole-brain relative power values and did not 
perform source reconstruction, limiting spatial speci�city.

While general developmental and aging patterns of low- and 
high-frequency bands have emerged, several methodological limi-
tations have stymied greater progress in quantifying spontaneous 
cortical dynamics across the lifespan. As such, we sought to address 
three major pitfalls in the current resting-state MEG literature. 
First, previous studies examining age-related changes in spontane-
ous neural dynamics have typically focused on narrow developmen-
tal windows rather than examining the lifespan. In other words, 
most studies have focused on developmental populations or aging 
populations in isolation, with several investigations using binary 
approaches (e.g., young versus older adults). Second, studies that 
have examined a broader age range have been severely limited in 
their spatial speci�city due to a lack of high-resolution source recon-
struction. �e few studies that performed source-level analyses have 
either focused on grossly de�ned regions of interest, collapsed across 
multiple brain regions, or the entire cortex. �ird, prior MEG 
studies have tended to focus on relative power (i.e., power in one 
band relative to the total power across all bands) compared with 
absolute power maps. Although common in the EEG literature, 
absolute power maps are rarely utilized in MEG studies, despite 
the unique opportunity they a�ord researchers. Speci�cally, absolute 
power maps enable di�erences to be discerned in each band inde-
pendently, without shifts in power within other bands in�uencing 
the results. �e advantages of absolute power maps are further 
accentuated by the reference-free nature of MEG, which enables 
the strength of cortical currents to be directly estimated. �us, at 
a minimum, absolute power maps provide critical information for 
correctly interpreting di�erences in relative power maps, although 
they may also provide novel information in their own right.

�us, the current study was designed to address these major 
shortcomings. Critically, we maximize rigor and the spatiotem-
poral precision a�orded by MEG using vertex-wise source level 
analyses in a large sample of participants (N = 434) ranging from 
6 to 84 y of age to evaluate both relative and absolute power maps 
independently for age and sex e�ects across the lifespan. As noted 
above, MEG studies to date have generally focused on relative 
power maps as their outcome metric and broadly assumed that 
relative and absolute power maps could be used interchangeably, 
despite no de�nitive evidence supporting this. �us, herein we 
probe this assumption using the largest sample to date, a single 
state-of-the-art MEG system, and advanced data analytics to sys-
tematically evaluate age- and sex-related changes in both relative 
and absolute spontaneous power across the lifespan.

Results

A total of 434 participants (205 females) with an age range of 
6 to 84 y (Mage = 25.13, SD = 20.51) were included in these 
analyses. Demographic characteristics are detailed in SI Appendix, 
Table S1, and the age distribution is shown in SI Appendix, Fig. S1. 
Of note, the age distribution of our sample was found to be 
skewed (skewness = 1.21). As such, all analyses were rerun using 
a random subsample in which age was not skewed (skewness = 0.91), 
which revealed an identical pattern of results.

Source imaging methods and processing followed the analysis 
pipeline outlined in Wiesman et al. (3). Using these source esti-
mates, we then estimated the power of cortical activity in each of 
the canonical frequency bands: delta (2 to 4 Hz), theta (5 to 7 Hz), 
alpha (8 to 12 Hz), beta (15 to 29 Hz), and gamma (30 to 59 Hz; 
Fig. 1) to maximize comparability to previous studies.

Linear Age E昀昀ects on Spontaneous Cortical Activity.
Relative spontaneous cortical activity decreases in low frequencies 

and increases in high frequencies with age. Models of relative 
spontaneous power in the delta, theta, alpha, beta, and gamma 
frequency bands showed signi�cant e�ects of age, when controlling 
for sex (Fig. 2). Speci�cally, relative delta power decreased with age 
across the entire cortex, with peak e�ects found in the bilateral 
middle temporal gyri (Right: F(1,430) = 606.03, pFWE < 0.001; Left: 
F(1,430) = 524.28, pFWE < 0.001; Fig. 2A). In addition, relative 
theta power decreased with age across temporoparietal cortices 
with peak e�ects found in the bilateral superior temporal gyri 
(Right: F(1,430) = 75.30, pFWE < 0.001; Left: F(1,430) = 101.66, 
pFWE < 0.001; Fig. 2B). In contrast, relative alpha power increased 
with age across the entire cortex, peaking in the bilateral inferior 
temporal gyri (Right: F(1,430) = 337.03, pFWE < 0.001; Left: 
F(1,430) = 382.67, pFWE < 0.001; Fig.  2C). Similarly, relative 
spontaneous beta power increased with age across the whole brain, 
with peak e�ects found in bilateral precentral gyri (Right: F(1,430) 
= 785.73, pFWE < 0.001; Left: F(1,430) = 795.63, pFWE < 0.001; 
Fig. 2D). Finally, relative spontaneous gamma power increased 
with age across the entire cortex, peaking in the bilateral superior 
frontal gyri (Right: F(1,430) = 285.85, pFWE < 0.001; Left: F(1,430) 
= 285.88, pFWE < 0.001; Fig. 2E).
Absolute spontaneous cortical activity decreases in low frequencies 

and increases in high frequencies with age. To determine if age 
was associated with absolute power in a consistent manner and 
to eliminate the possibility that the age e�ects were primarily due 
to spectral shifts in power among the bands, we performed the 
same series of analyses testing age e�ects (controlling for sex) using 
absolute power spectral density (PSD) maps. Models of absolute 
spontaneous power in the delta, theta, alpha, beta, and gamma 
frequency bands showed signi�cant e�ects of age, when controlling 
for sex (Fig. 3). Importantly, the spatial distribution of the absolute 
power �ndings overlapped almost entirely with those of the relative 
power maps, with the exception of delta. Speci�cally, absolute delta 
power decreased with age across the entire cortex, with peak e�ects 
found in the bilateral temporoparietal junctions (Right: F(1,430) 
= 522.28, pFWE < 0.001; Left: F(1,430) = 482.67, pFWE < 0.001; 
Fig. 3A). �is contrasts with the relative maps, which showed a 
peak association in the middle temporal gyri. In addition, absolute 
theta power decreased with age across the cortex with a stronger 
relationship centered around the temporoparietal cortices, peaking 
in the right supramarginal gyrus and left superior temporal cortex 
(Right: F(1,430) = 187.87 pFWE < 0.001; Left: F(1,430) = 201.92, 
pFWE < 0.001; Fig. 3B). Conversely, absolute alpha power increased 
with age primarily in frontal and temporal cortices with peak 
e�ects in bilateral inferior temporal gyri (Right: F(1,430) = 110.32, D
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pFWE < 0.001; Left: F(1,430) = 115.58, pFWE < 0.001; Fig. 3C) 
and superior frontal gyri (Right: F(1,430) = 38.05, pFWE = 0.001; 
Left: F(1,430) = 38.33, pFWE < 0.001; Fig. 3C). Similarly, absolute 
spontaneous beta increased with age across the whole brain, with 
peak e�ects in bilateral precentral gyri (Right: F(1,430) = 519.39, 
pFWE < 0.001; Left: F(1,430) = 516.36, pFWE < 0.001; Fig. 3D). 
Finally, absolute spontaneous gamma power increased with age 
across the entire cortex, peaking in the bilateral superior frontal gyri 
(Right: F(1,430) = 162.16, pFWE < 0.001; Left: F(1,430) = 160.22, 
pFWE < 0.001; Fig. 3E).

Quadratic Age E昀昀ects on Spontaneous Cortical Activity.
Quadratic relationships between age and relative spontaneous 

cortical activity. Quadratic relationships of age and relative 
spontaneous cortical activity were tested using a hierarchical 
regression approach, using the peaks of each signi�cant age e�ect 
as the input. Of note, each age e�ect showed peak e�ects in 
bilateral regions, so there was one peak per hemisphere in each 
regression model described here. Bonferroni correction was used 
to account for multiple comparisons (pBonferroni < 0.05 (P = 0.05/
[5 spectral maps (delta, theta, alpha, beta, gamma) × 2 peaks 
(left and right) × 2 power normalizations (relative and absolute)] 
= 0.0025). �e quadratic term signi�cantly contributed to the 
model of relative spontaneous delta power in both right and left 
middle temporal gyri, indicating a quadratic relationship with age 
(Right: R2 = 0.78, F = 217.08, ΔR2 = 0.05, ΔF = 58.55, P < 0.001, 

β = 1.07, b = 6.77 × 10−5; Left: R2 = 0.79, ΔF = 244.09, ΔR2 = 0.05, 
ΔF = 54.96, P < 0.001, β = 1.00, b = 6.13 × 10−5; Fig.  4A). 
In addition, the quadratic term signi�cantly contributed to the 
model of relative spontaneous alpha power in both right and left 
inferior temporal gyri, again indicating a quadratic relationship 
with age (Right: R2 = 0.67, F = 118.01, ΔR2 = 0.02, ΔF = 11.39, 
P < 0.001, β = −0.55, b = −3.12 × 10−5; Left: R2 = 0.70, F = 134.17, 
ΔR2 = 0.01, ΔF = 11.56, P = 0.001, β = −0.54, b = −3.08 × 10−5; 
Fig. 4C). Relative spontaneous beta power in the right precentral 
gyrus also exhibited a quadratic relationship with age (Right: 
R2 = 0.81, F = 272.19, ΔR2 = 0.01, ΔF = 11.20, P = 0.001, 
β = −0.44, b = −1.32 × 10−5; Fig. 4D). Finally, relative spontaneous 
gamma power had a quadratic relationship with age in both 
right and left superior frontal gyri (Right: R2 = 0.71, F = 81.22, 
ΔR2 = 0.09, ΔF = 81.22, P < 0.001, β = −1.41, b = −1.10 × 10−5; 
Left: R2 = 0.72, F = 152.36, ΔR2 = 0.10, ΔF = 92.01, P < 0.001, 
β = −1.48, b = −1.21 × 10−5; Fig. 4E). None of the other peaks 
exhibited a quadratic relationship with age (Fig. 4).
Quadratic relationships between age and absolute spontaneous 

cortical activity. �e quadratic term signi�cantly contributed 
to the model of absolute delta power in both right and left 
temporoparietal peaks, indicating a quadratic relationship with age 
(Right: R2 = 0.78, F = 217.73, ΔR2 = 0.08, ΔF = 81.25, P < 0.001, 
β = 1.26, b = 4.94 × 10−5; Left: R2 = 0.79, F = 230.92, ΔR2 = 0.07, 
ΔF = 77.45, P < 0.001, β = 1.21, b = 4.74 × 10−5; Fig. 4F). �e 
quadratic term also signi�cantly contributed to the model of absolute 

Fig. 1. Neural power distribution schematic. (A) Participants sat upright in the MEG with their eyes closed for 5 to 8 min. Individual sensors capture raw temporal 
dynamics as shown through the time series in the square box above the MEG. These magnetic 昀椀eld strength measurements can be projected to the cortex 
using source reconstruction approaches. Each location in these maps can be further broken down into individual canonical frequency bands as shown in the 
line graph to the right. Each frequency band is denoted by a speci昀椀c color: delta (2 to 4 Hz) purple, theta (5 to 7 Hz) blue, alpha (8 to 12 Hz) green, beta (15 to 29 
Hz) orange, and gamma (3 to 59 Hz) red. (B) Distribution of relative power. The grand-averaged distribution for relative power across all participants (n = 434) 
is shown for each of the frequencies denoted in part (A) in percentage units. Compared with the lower frequencies, higher frequency bands are comprised of 
a smaller percentage of relative power. Additionally, each band has a unique power distribution: delta-anterior frontal, theta-posterior frontal, alpha-occipital, 
beta-sensorimotor cortices, and gamma-prefrontal regions. (C) Distribution of absolute power. The grand-averaged distribution for absolute power across 
all participants (n = 434) is shown for each of the canonical frequency bands denoted in part (A) using the pseudo neural activity index (PNAI) as units. Each 
frequency band has a unique power distribution: delta-anterior frontotemporal, theta-temporal, alpha-occipital, beta-sensorimotor, and gamma-posterior frontal.
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theta power, but only in the left superior temporal peak (Left: 
R2 = 0.58, F = 73.97, ΔR2 = 0.02, ΔF = 10.53, P = 0.001, β = 0.59, 
b = 1.05 × 10−5; Fig. 4G). In addition, the right precentral peak of 
absolute spontaneous beta power exhibited a quadratic relationship 
with age (Right: R2 = 0.74, F = 177.56, ΔR2 = 0.01, ΔF = 5.29, 

P = 0.022, β = −0.34, b = −2.77 × 10−6; Fig. 4I). Finally, absolute 
spontaneous gamma power had a quadratic relationship with age in 
both right and left superior frontal gyri (Right: R2 = 0.63, F = 95.59, 
ΔR2 = 0.12, ΔF = 85.42, P < 0.001, β = −1.59, b = −2.45 × 10−6; Left: 
R2 = 0.62, F = 89.29, ΔR2 = 0.10, ΔF = 70.28, P < 0.001, β = −1.46, 

Fig. 2. The impact of age on relative power. (Middle) F-maps thresholded with TFCE are displayed for the main e昀昀ect of age on relative power with the center 
of the black boxes denoting the peak for each respective hemisphere, although the box encompasses a much larger region than the peak vertex itself. The color 
bar beneath the brains shows the scale of F-values. Both the left and right clusters survived TFCE and FWE correction. (Left and Right) Scatterplots display the 
extracted values from the peak of the signi昀椀cant main e昀昀ect of age on spontaneous relative power. Relative power (percent) is plotted on the Y-axis, and age 
(years) is plotted on the X-axis. The color distributions correspond to the canonical frequency band being shown (delta-purple, theta-blue, alpha-green, beta-
orange, and gamma-red). The dots on the scatterplot represent each individual participant and the trendline represents the group’s linear trajectory. (A) Delta 
(2 to 4 Hz): Relative power decreased with age across the cortex with peaks in bilateral middle temporal gyri. (B) Theta (5 to 7 Hz): Relative power decreased with 
age across the parietal and temporal lobes with peaks in bilateral superior temporal gyri. (C) Alpha (8 to 12 Hz): Relative power increased with age across the 
cortex with peaks in bilateral inferior temporal gyri. (D) Beta (15 to 29 Hz): Relative power increased with age across the cortex with peaks in bilateral precentral 
gyri. (E) Gamma (30 to 59 Hz): Relative power increased with age across the cortex with peaks in superior frontal gyri.

D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
w

w
w

.p
n
as

.o
rg

 b
y
 1

0
4
.5

8
.1

0
8
.7

8
 o

n
 J

an
u
ar

y
 3

1
, 
2
0
2
5
 f

ro
m

 I
P

 a
d
d
re

ss
 1

0
4
.5

8
.1

0
8
.7

8
.



PNAS  2023  Vol. 120  No. 4  e2212776120 https://doi.org/10.1073/pnas.2212776120   5 of 11

b = −2.38 × 10−6; Fig. 4J). No other absolute power peaks exhibited 
a quadratic relationship with age.

Sex E昀昀ects on Spontaneous Cortical Activity.
Lifespan sex di昀昀erences are absent in relative spontaneous 
cortical activity maps. No sex e�ects were identi�ed in relative 

power maps. Of note, these models were performed using linear, 
nontransformed age as a covariate of no interest. Since signi�cant 
linear relationships between age and power were found in all 
hemispheres and frequency bands, while signi�cant nonlinear 
relationships were identi�ed in only select hemispheres and 
frequency bands, linear models were used in order to take the 

Fig. 3. The impact of age on absolute power. (Middle) F-maps thresholded with TFCE are displayed for the main e昀昀ect of age on absolute power with the center 
of the black boxes denoting the peak for each respective hemisphere, although the box encompasses a much larger region than the peak vertex itself. The 
color bar beneath the brains shows the scale of F-values. Both the left and right clusters survived TFCE and FWE correction. (Left and Right) Scatterplots display 
the extracted values from the peak of the signi昀椀cant main e昀昀ect of age on spontaneous absolute power. Absolute power, in units corresponding to the pseudo 
neural activity index (PNAI), is plotted on the Y-axis, and age (years) is plotted on the X-axis. The color distributions correspond to the canonical frequency band 
being shown (delta-purple, theta-blue, alpha-green, beta-orange, and gamma-red). The dots on the scatterplot represent each individual participant and the 
trendline represents the group’s linear trajectory. (A) Delta (2 to 4 Hz). Absolute power decreased with age across the cortex with peaks in bilateral temporoparietal 
junction. (B) Theta (5 to 7 Hz). Absolute power decreased with age across the cortex with peaks in the left superior temporal gyrus and right supramarginal 
gyrus. (C) Alpha (8 to 12 Hz). Absolute power increased with age in frontal and temporal regions with peaks in bilateral inferior temporal gyri. (D) Beta (15 to 29 
Hz). Absolute power increased with age across the cortex with peaks in bilateral precentral gyri. (E) Gamma (30 to 59 Hz). Absolute power increased with age 
across the cortex with peaks in superior frontal gyri.
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same analytic approach for all frequency bands. Notably, no 
age by sex interactions were identi�ed in relative power maps.
Sex di昀昀erences in absolute spontaneous cortical activity. Models 
of absolute delta, theta, and alpha power showed signi�cant sex 
di�erences in multiple clusters, when controlling for age. As 
noted previously, linear age was used in these models. Speci�cally, 

absolute delta power primarily di�ered in frontoparietal cortices 
with peaks in bilateral frontal poles, such that males had higher 
absolute delta power than females (Right: F(1,430) = 9.67, 
pFWE = 0.010; Left: F(1,430) = 13.72, pFWE = 0.001; Fig. 5A). 
Similarly, absolute theta power di�ered in frontoparietal regions 
with peaks in bilateral superior frontal gyri, such that males had 

Fig. 4. Quadratic analysis of age e昀昀ects. Scatterplots displaying the peak values of the signi昀椀cant main e昀昀ect of age and power with linear (gray) and quadratic 
(color) 昀椀ts for each signi昀椀cant age e昀昀ect. Asterisks indicate that the quadratic 昀椀t is signi昀椀cantly better than the linear. The box on each brain represents the 
peak of each cluster from which data were extracted. The dots on the scatterplots represent each individual participant with the corresponding colored line 
showing the quadratic 昀椀t, with the shaded portion representing SE. The color distributions correspond to the canonical frequency band being shown (delta-
purple, theta-blue, alpha-green, beta-orange, and gamma-red). (Left) Relative power (%) is plotted on the Y-axis, and age is plotted on the X-axis. Left hemispheric 
clusters are in the left column, and right hemispheric clusters are in the right column. (Right) Absolute power in pseudo neural activity index (PNAI) units is 
plotted on the Y-axis, and age is plotted on the X-axis. Left hemispheric clusters are in the left column and right hemispheric clusters are in the right column. 
(A) Delta (2 to 4 Hz): Relative delta power had a signi昀椀cant quadratic relationship with age in both right and left hemispheres. (B) Theta (5 to 7 Hz): Relative theta 
power did not have a signi昀椀cant quadratic relationship with age in either right or left hemisphere. (C) Alpha (8 to 12 Hz): Relative alpha power had a signi昀椀cant 
quadratic relationship with age in both right and left hemispheres. (D) Beta (15 to 29 Hz): Relative beta power had a signi昀椀cant quadratic relationship with age 
in the right but not the left hemisphere. (E) Gamma (30 to 59 Hz): Relative gamma power had a signi昀椀cant quadratic relationship with age in both right and left 
hemispheres. (F) Delta (2 to 4 Hz): Absolute delta power had a signi昀椀cant quadratic relationship with age in both right and left hemispheres. (G) Theta (5 to 7 Hz): 
Absolute theta power had a signi昀椀cant quadratic relationship with age in the left but not the right hemisphere. (H) Alpha (8 to 12 Hz): Absolute alpha power did 
not have a signi昀椀cant quadratic relationship with age in either right or left hemisphere. (I) Beta (15 to 29 Hz): Absolute beta power had a signi昀椀cant quadratic 
relationship with age in the right but not the left hemisphere. (J) Gamma (30 to 59 Hz): Absolute gamma power had a signi昀椀cant quadratic relationship with age 
in both right and left hemispheres.
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higher absolute theta power than females (Right: F(1,430) = 8.41, 
pFWE= 0.029; Left: F(1,430) = 7.34, pFWE = 0.037; Fig. 5B). Finally, 
absolute alpha power di�ered in occipital cortices with peaks in 
bilateral occipital gyri, such that males had higher absolute alpha 
power than females (Right: F(1,430) = 7.80, pFWE = 0.029; Left: 
F(1,430) = 10.27, pFWE = 0.015; Fig. 5C). No sex e�ects were 
identi�ed in beta or gamma frequency bands. To ensure that 
quadratic relationships between power and age did not bias these 
results, we extracted power values from the peak of each cluster 
where a signi�cant sex di�erence was identi�ed and performed a 
t test including Age^2 as a nuisance covariate. Importantly, each 
of the sex e�ects remained signi�cant (P < 0.01). Notably, no age 
by sex interactions were identi�ed in absolute power maps.

Discussion

In the largest lifespan MEG cohort to date, we sought to address 
three major pitfalls in the current resting-state MEG literature 

including, 1) the focus on narrow developmental windows rather 
than the lifespan, 2) coarse spatial speci�city, and 3) the limited 
inquiry of absolute and relative power maps in the same study, 
particularly those that used source reconstruction and reported 
spatially resolved maps. Our comparison of absolute and relative 
spontaneous power demonstrated that although similar in many 
regards, sex di�erences only emerged in the absolute power maps. 
Of note, there are strengths and weaknesses in the use of either 
relative or absolute approaches to quantify spontaneous power 
across the cortex, which we discuss in turn below.

Spatial Speci昀椀city of Age E昀昀ects. �e few studies examining 
broader age ranges have been limited in their spatial speci�city, 
as they did not use high-resolution source reconstruction 
techniques that go beyond characterizations at the whole-cortex 
level or broadly de�ned regions of interest. Using vertex-wise 
source reconstruction and advanced data analytic techniques, 
we were able to capitalize on the superior spatial precision of 

Fig. 5. The e昀昀ect of sex on absolute power. (Middle) F-maps thresholded with TFCE are displayed for the main e昀昀ect of sex on absolute power with the center 
of the black boxes denoting the peak for each respective hemisphere, although the box encompasses a much larger region than the peak vertex itself. The 
color bar beneath the brains shows the scale of F-values. Both the left and right clusters survived TFCE and FWE correction. (Left and Right) Scatterplots display 
the extracted values from the peak of the signi昀椀cant main e昀昀ect of sex on spontaneous absolute power. Absolute power, in pseudo neural activity index (PNAI) 
units, is plotted on the X-axis, and sex is plotted on the Y-axis. The color distributions correspond to the canonical frequency band (delta-purple, theta-blue, 
alpha-green). The dots on the boxplots represent each individual participant with the raincloud representing the distribution. (A) Delta (2 to 4 Hz): Absolute 
power was increased in males relative to females across an extended area of the frontal lobe, with peaks at the frontal poles. (B) Theta (5 to 7 Hz): Absolute 
power was increased in males relative to females in a more restricted area of the anterior frontal lobe, with peaks at the frontal poles. (C) Alpha (8 to 12 Hz): 
Absolute power increased in males compared to females with peaks in lateral occipital lobes.
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MEG and provide landmark evidence for speci�c cortical sources 
corresponding to the strongest age e�ects in each of the �ve 
canonical frequency bands (i.e., delta, theta, alpha, beta, and 
gamma) across the largest lifespan MEG cohort to date (6 to 
84 y; N = 434).

Our �ndings demonstrating linear age-related changes in rela-
tive spontaneous cortical activity replicate and extend previous 
studies of developmental and aging populations. In particular, 
power decreases in lower frequencies (i.e., delta and theta) and 
increases in higher frequencies (i.e., alpha, beta, and gamma) are 
broadly consistent with existing EEG and MEG studies (8, 9, 
11–13, 26, 27). �ough we have replicated numerous previous 
studies showing age e�ects in spontaneous neural activity, we have 
added spatial information utilizing the advanced spatial precision 
a�orded by MEG. Overall, our results showed similar locations 
for peaks of power between relative and absolute maps, with key 
di�erences found in the delta frequency band. Absolute delta 
power decreased with age across the entire cortex, with peak e�ects 
found in the bilateral temporoparietal junctions. �is contrasts 
with the relative maps, which showed a peak association in the 
middle temporal gyrus. �e temporoparietal junction is frequently 
associated with reorienting of attention and theory of mind 
(28, 29), while the middle temporal gyrus has been implicated in 
linguistic processing and the integration of auditory and visual 
processing streams (30–32). While the relation of delta waves to 
restoration and sleep is widely known, the task relevance of delta 
frequency oscillations remains less understood. However, a recent 
study reported processing speed abilities in a cognitively impaired 
older adult sample to be related to aberrations in resting-state delta 
oscillations in similar brain regions (i.e., middle temporal gyrus 
and temporoparietal junction) (3).

In contrast, peak locations between relative and absolute maps 
were similar in all other frequency bands. Speci�cally, theta power 
decreased with age across temporoparietal cortices with peak 
e�ects shown in perisylvian cortices, which are implicated in 
language processing, and more recently, social cognition (33, 34). 
�eta rhythms are most well-known for their involvement in 
memory, as they are the dominant rhythm in the hippocampus 
(35). Cortical theta oscillations have also been implicated in a 
wide variety of cognitive tasks, and are thought to support encod-
ing or processing of new information (12). Alpha power increased 
with age across the entire cortex, peaking in the bilateral inferior 
temporal gyrus. Alpha frequency oscillations are the dominant 
rhythm in the occipital cortex and are tightly linked to visual 
perception, information processing, and attentional suppression 
(36–38). Relatedly, the inferior temporal gyrus is a key portion 
of the ventral visual pathway, which is crucial for object process-
ing (39, 40). Additionally, beta power increased with age across 
the whole brain, with peak e�ects found in bilateral precentral 
gyri. �is region, where beta is known to be the dominant 
rhythm, is highly associated with motor control (18, 19, 41). In 
fact, a few studies have linked this age-related increase in spon-
taneous beta activity to movement-associated beta oscillatory 
responses, and further motor performance (18, 19, 42). Finally, 
gamma power increased with age across the entire cortex, peaking 
in the bilateral superior frontal gyri including the supplemental 
motor area, which is responsible for motor planning and control 
(43). Gamma oscillations are also tightly related to sensory pro-
cessing and integration, including that serving sensorimotor 
function (44, 45). Taken together, much of the regions which 
show the strongest age-related e�ects in each of the canonical 
frequency bands represent higher order cognitive processing, 
suggesting that these regions may be the most susceptible to 
developmental and aging processes.

Due to the wide age range in our sample, we sought to examine 
whether quadratic relationships may emerge and better explain 
patterns of spontaneous power observed with increasing chrono-
logical age. Interestingly, the majority of age-related e�ects were 
better explained by a quadratic rather than a linear curve and this 
frequently di�ered by both hemisphere and power metric (relative 
vs. absolute power). Of note, delta and gamma exhibited the most 
consistent pattern of �ndings with a quadratic �t explaining the 
relationship best in both hemispheres for both power measures. 
Speci�cally, delta decreased in power until about 60 y of age where 
power levels appeared to plateau before slightly increasing. �e 
opposite was found in gamma, whereby an increase in power 
occurred until about 50 y of age where it then switched to a 
gradual decrease in power with chronological age. �ese �ndings 
largely agree with a previous aging study, which showed quadratic 
�ts for delta, theta, alpha, high beta, and gamma frequency bands, 
though their analysis was limited to the sensor level and did not 
connect the �ndings to speci�c brain areas (8). �e quadratic 
nature of these relationships suggests key age-related shifts in each 
spectral band, which may be indicative of normative aging pro-
cesses. Understanding these processes is fundamental to charac-
terizing spontaneous activity in healthy samples and will help in 
characterizing normative distributions that may support identi-
fying altered developmental trajectories in disease states.

Absolute Power Maps Show Sex Di昀昀erences. Notably, we also 
examined whether sex contributed to di�erences in spontaneous 
power. Once removing variance attributable to age, we found that 
males had greater absolute delta, theta, and alpha power compared 
with females. In regard to the alpha band, this study partially 
replicates a previous developmental MEG study showing a similar 
sex e�ect in the alpha frequency band (26), but also contradicts an 
aging study that showed stronger spontaneous alpha in females (9). 
Likewise, our delta �ndings (i.e., stronger in males) contradict both 
of these previous studies, as earlier work in typically developing 
youth (26) and healthy aging adults suggested stronger delta power 
in females compared with males. Neither of these studies found 
sex di�erences in theta activity. �ese discrepancies may be due 
to the restricted age ranges in prior studies, especially in the case 
of spontaneous alpha where prior work in youth versus adults had 
reached contradictory conclusions. However, the use of relative 
versus absolute power could also underlie these discrepancies, 
as no sex di�erences were observed in our relative power maps, 
suggesting that the sex e�ects observed in absolute power were 
likely obscured by changes in power within other frequency bands. 
�is raises the concern that the sex e�ects reported in previous 
studies were driven by changes in other bands that then altered the 
overall proportion of power in alpha and delta. Potentially, we did 
not observe this in our relative power maps because of the larger 
sample size and/or the overall age range of our participant pool. 
�e fact that the sex di�erences reported here would have gone 
undetected if relative power alone were used strongly supports the 
position that future studies should compute both types of maps 
to enhance rigor in their studies of spontaneous cortical activity 
in various populations.

Di昀昀erences in Relative and Absolute Power Maps. Relative 
power, the more commonly reported measure, o�ers ease in 
interpretation as each frequency band is on the same percentage 
scale and enables broad changes in the overall distribution of 
power to be observed. However, as brie�y alluded to above, the 
relative power approach is actually capturing the proportion of 
power in a speci�c frequency band and is assuming that the total 
amount of power across all frequency bands is uniform in the D
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population under study. �us, estimates of relative power in a 
single canonical band can be strongly biased by changes in other 
frequency bands, as this would alter the overall distribution and 
lead to changes in the proportion even though the absolute power 
in the target band remained the same. In contrast, absolute power 
maps do not have the same interdependencies among the bands, 
but can be complicated to interpret because power levels vastly 
di�er between bands due to the 1/f relationship. Additionally, 
intersubject variability is generally higher for absolute measures, 
and this may result in lower sensitivity to di�erences between 
groups and the relationship with age. Finally, in the context of 
EEG, absolute measures are slightly more di�cult to interpret 
since the output measure is a di�erence between the target and 
reference electrodes, instead of a percent as with relative measures. 
MEG does not have this same concern since it is reference free.

�e current study provides compelling evidence on the impor-
tance of examining both relative and absolute power. Notably, the 
age-related e�ects in each of the bands were seen in largely over-
lapping brain regions in both relative and absolute power maps, 
as both approaches identi�ed similar peaks and overall cortical 
distributions. However, when testing the best �t trajectory for 
these e�ects, we showed that the age e�ects in many spectral bands 
were quadratic in nature and that these patterns varied between 
absolute and relative power. Likewise, sex di�erences were only 
identi�ed in the absolute power maps, as estimates of relative 
power showed no e�ect of sex. �us, these �ndings illuminate the 
importance of computing both absolute and relative power meas-
ures of spontaneous activity and suggest that assessing power 
changes in frequency bands relative to each other may obscure key 
di�erences. As such, we recommend that future MEG resting-state 
studies report both types of power maps to enhance rigor and 
reproducibility across studies.

Limitations and Future Directions. Some limitations of the 
current study must be acknowledged. First, though this study is 
comprised of a large sample with a wide age range, a longitudinal 
design (e.g., accelerated longitudinal) would enable researchers to 
map individual trajectories of spontaneous neural activity across 
the lifespan. Our cross-sectional design allowed us to look at a 
broad age range, but we were unable to examine person-speci�c 
trajectories from this design. Second, many of our participants 
were in the childhood to adolescence age range, and therefore 
the e�ects of pubertal hormones, irrespective of age, could be 
impactful in this sample (46). Finally, the present study was limited 
to examining di�erences in absolute and relative power as well 
as examining age- and sex-related associations with spontaneous 
neural dynamics. Future studies should expand on these analyses 
by examining how connectivity patterns change with age to gain 
a comprehensive understanding of how brain networks emerge 
and change throughout the healthy lifespan. Additionally, with 
the well-documented structural brain changes known to take place 
throughout life, future developmental studies should examine the 
correspondence between brain structure and spontaneous cortical 
activity and to what extent these metrics covary with age.

Conclusion

�e current study is the largest MEG study to date to investigate 
spontaneous neural dynamics across the lifespan (6 to 84 y). In 
this study, we addressed three major limitations in the current 
resting-state literature. In doing so, we independently replicated 
many of the known e�ects shown in previous research in a sample 
that extended across the lifespan, while identifying the precise 
brain regions where these dynamic changes were occurring. Our 

lifespan approach elucidated intriguing quadratic age e�ects across 
several frequencies, emphasizing the importance of fully charac-
terizing the age spectrum rather than group-wise (i.e., old vs. 
young) or truncated comparisons. Additionally, we shed light on 
a major gap and limitation in the �eld such that when examining 
spontaneous cortical dynamics, it is necessary to examine both 
relative and absolute power maps to fully capture group di�erences 
and help guide interpretation. Our innovative approach not only 
highlighted many similarities between the power metrics, but it 
also illuminated notable, band-speci�c di�erences. �us, because 
of these critical di�erences, we recommend that future resting-state 
studies report both absolute and relative power maps.

Materials and Methods

Participants. 434 participants (205 females) between the ages of 6 and 84 y 
(Mage = 25.13, SD = 20.51) across five different studies were included in this 
analysis. Information regarding demographics and protocols of each study is 
summarized in SI Appendix, Table S1. Note that all five studies used the same MEG 
instrument. Adult participants were controls in studies examining neurological 
and psychiatric conditions, while pediatric participants were derived from norma-
tive studies of typical development. Further information establishing cognitive 
normality through neuropsychological assessment of the older adult sample is 
provided in the SI Appendix. Exclusionary criteria included inability to complete 
the full resting scan, any medical illness affecting the CNS, any neurological or 
psychiatric disorder, history of head trauma, current substance misuse, and stand-
ard MEG exclusion criteria (e.g., dental braces, metal implants, battery operated 
implants, and/or any type of ferromagnetic implanted material). All demographic 
data were reported by the participant or a guardian as a part of the intake pro-
cess. For child participants, parents of the child participants signed informed 
consent forms, and child participants signed assent forms before proceeding 
with the study. For adult participants, written informed consent was obtained 
from each participant after a full description of the study. The local Institutional 
Review Board approved the study, and all protocols were in accordance with the 
Declaration of Helsinki.

MEG Data Acquisition. All MEG recordings took place in a one-layer magneti-
cally shielded room (MSR) with active shielding engaged for environmental noise 
compensation. Participants were seated in a nonmagnetic chair within the MSR, 
with their head positioned within the sensor array. A 306-sensor MEGIN MEG 
system (Helsinki, Finland), equipped with 204 planar gradiometers and 102 
magnetometers, was used to sample neuromagnetic responses continuously at 
1 kHz with an acquisition bandwidth of 0.1 to 330 Hz. The same instrument was 
used across all recordings. Participants were instructed to rest with their eyes 
closed for 5 to 8 min and were monitored by a real-time audio–video feed from 
inside the shielded room throughout MEG data acquisition.

Structural MRI Acquisition, Processing, and MEG-MRI Coregistration. 
Prior to MEG acquisition, four coils were attached to the participants’ heads and 
localized, together with the three fiducial points and scalp surface, using a 3-D 
digitizer (Fastrak 3SF0002, Polhemus Navigator Sciences, Colchester, VT, USA). 
Once the participant was positioned for MEG recording, an electrical current with 
a unique frequency label (e.g., 322 Hz) was fed to each of the coils. This induced 
a measurable magnetic field and allowed each coil to be localized in reference 
to the sensors throughout the recording session. Since coil locations were also 
known in head coordinates, all MEG measurements could be transformed into 
a common coordinate system. With this coordinate system (including the scalp 
surface points), each participant’s MEG data were coregistered with their structural 
MRI prior to source space analyses using Brainstorm. For the 46 participants who 
did not have available T1 MRI data, age- and sex-matched MRIs were used to fit 
each participants’ digitized head points (47).

MEG Data Preprocessing. Each MEG dataset was individually corrected for 
head motion and subjected to noise reduction using the signal space separation 
method with a temporal extension (MaxFilter v2.2; correlation limit: 0.950; corre-
lation window duration: 6 s) (48). Noise-reduced MEG data underwent standard 
data preprocessing procedures using the Brainstorm software (49). A high-pass D
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filter of 1 Hz, low-pass filter of 200 Hz, and notch filters at 60 Hz and its harmonics 
were applied. Cardiac artifacts were identified in the raw MEG data and removed 
using an adaptive signal-space projection approach, which was subsequently 
accounted for during source reconstruction (50, 51). Data were then divided 
into 4-s epochs for detection and rejection of bad segments of data. Using cus-
tom lab software (https://github.com/nichrishayes/ArtifactScanTool), amplitude 
and gradient metrics for each epoch were computed, and epochs containing 
outlier values were rejected using an individualized fixed threshold method, 
supplemented with visual inspection. To account for variance across participants 
in distance between the brain and the MEG sensor array, as well as other sources 
of variance, we used an individually determined threshold based on the signal 
distribution for both amplitude and gradient to reject artifacts. Thirty epochs were 
removed from the end of each scan of our older adults to harmonize the length 
of their resting scan (SI Appendix) with the remaining dataset (52). Additionally, 
to account for environmental noise, we utilized empty room data to compute a 
noise covariance matrix for source imaging.

MEG Source Imaging and Frequency Power Maps. Source imaging meth-
ods and processing largely followed the analysis pipeline outlined in Wiesman 
et al. (3). Source analysis of neuromagnetic fields used an overlapping-spheres 
forward model, unconstrained to the cortical surface. This approach models a 
single sphere per each sensor, which in this study included 204 gradiometers 
(minus any channels previously marked as “bad”) for each participant. A line-
arly constrained minimum variance beamformer implemented in Brainstorm 
(49) was used to spatially filter the epoched data based on the data covariance 
computed from the resting-state recording. Using these source estimates, we 
then estimated the power of cortical activity in each of five canonical frequency 
bands: delta (2 to 4 Hz), theta (5 to 7 Hz), alpha (8 to 12 Hz), beta (15 to 29 Hz), 
and gamma (30 to 59 Hz). We focused on these five canonical frequency bands 
(Fig. 1) to maximize comparability to previous studies. Neural oscillations in each 
of these spectral windows have been implicated in a wide range of cognitive 
processes. Delta oscillations have been commonly associated with inhibition of 
sensory processing during internal concentration (53). Theta oscillations have 
been linked to many cognitive processes and, most notably, are the dominant 
rhythm found in the hippocampus, supporting its involvement in memory (35). 
Alpha activity is often attributed to attentional suppression; for example, alpha 
amplitude increases when objects need to be ignored or when one’s eyes are 
closed (36, 37). Beta oscillations have been well documented in motor pro-
cessing and are the dominant frequency in sensorimotor cortices (18, 19, 41). 
Finally, gamma oscillations are thought to relate to sensory perception and 
integration (44).

We used Welch’s method for estimating power spectrum densities (PSD) 
per 4-s epoch across each MEG recording, with one-second sliding Hamming 
windows overlapping at 50%. From here, two sets of PSD maps were created. To 
create nonnormalized maps, these raw PSD maps were averaged across epochs 
to obtain one absolute PSD map per participant. The units in these absolute 
maps correspond to the pseudo neural activity index (PNAI), which is a modified 
version of Van Veen’s neural activity index (54). In addition, to create relative 
maps, we standardized the raw PSD values of each epoch at each frequency bin 
to the total power across the frequency spectrum, thus these maps are measured 

in percentages. For each participant, we then averaged PSD maps across epochs 
to obtain one relative PSD map per participant. Finally, the norm of the three 
unconstrained orientations per location were then projected onto a common 
FSAverage template surface separately for the absolute and relative maps, and 
these were used for further statistical analysis.

Statistical Analysis and Visualization. Whole-brain PSD maps per canonical 
band were analyzed in SPM12 to examine spatially specific effects of age and 
sex, and their interactions. For each frequency band, we ran an ANCOVA with age 
as a continuous predictor and sex as a categorical predictor and modeled the 
respective interaction term. To account for nonuniform spatial autocorrelation in 
the data, avoid assumptions of parametric modeling, and avoid selecting arbitrary 
cluster-forming thresholds, threshold-free cluster enhancement [TFCE; E = 1.0, 
H = 2.0; 5,000 permutations (55)] was performed, with multiple comparisons 
correction set to cluster-wise pFWE <0.05. Finally, F-maps were thresholded by 
utilizing the clusters that survived correction. Of note, these analyses were per-
formed for each relative and absolute whole-brain PSD maps. Data from peak 
vertices were used to display the corresponding effects using ggplot2 (56).

Quadratic Relationships between Age and Spontaneous Cortical Activity. 
Quadratic relationships were tested using a hierarchical regression approach. 
For this, spontaneous power values were extracted from the peak of each cluster 
representing significant age effects. In the first step of the hierarchical regression, 
age and sex were entered, followed by the quadratic age term in the second step. 
This was performed for each frequency band in which significant age effects were 
identified in relative and absolute PSD maps.

Data, Materials, and Software Availability. MEG recordings from each partic-
ipant (.fif), structural MRI data (.nii), and age/sex (.xlsx) data have been deposited 
in the institutional website of Boys Town National Research Hospital (https://cdn.
boystown.org/media/Rempe_Ott_PNAS_2023_Data.zip).
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