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Abstract

Amplitude of low-frequency fluctuation (ALFF) has been widely used for localization
of abnormal activity at the single-voxel level in resting-state fMRI (RS-fMRI) studies.
However, previous ALFF studies were based on fast Fourier transform (FFT-ALFF).
Our recent study found that ALFF based on wavelet transform (Wavelet-ALFF)
showed better sensitivity and reproducibility than FFT-ALFF. The current study
aimed to test the reliability and validity of Wavelet-ALFF, and apply Wavelet-ALFF to
investigate the modulation effect of repetitive transcranial magnetic stimulation
(rTMS). The reliability and validity were assessed on multicenter RS-fMRI datasets
under eyes closed (EC) and eyes open (EO) conditions (248 healthy participants in
total). We then detected the sensitivity of Wavelet-ALFF using a rTMS modulation
dataset (24 healthy participants). For each dataset, Wavelet-ALFF based on five
mother wavelets (i.e., db2, bior4.4, morl, meyr and sym3) and FFT-ALFF were calcu-
lated in the conventional band and five frequency sub-bands. The results showed that
the reliability of both inter-scanner and intra-scanner was higher with Wavelet-ALFF
than with FFT-ALFF across multiple frequency bands, especially db2-ALFF in the
higher frequency band slow-2 (0.1992-0.25 Hz). In terms of validity, the multicenter
ECEO datasets showed that the effect sizes of Wavelet-ALFF with all mother
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1 | INTRODUCTION

Resting-state functional magnetic resonance imaging (RS-fMRI) is a
powerful tool for investigating spontaneous neuronal activity. A grow-
ing body of neuroimaging studies has revealed brain network patterns
by probing the relationships among separated brain regions at rest,
which provides an overview of information communication within the
brain networks and, furthermore, how these organizations are altered
in neurological or psychiatric disorders (Harrison et al., 2008; van den
Heuvel & Pol, 2010; Zuo & Xing, 2014). However, connections among
brain regions are unable to reflect the local activity of a specific brain
region, which plays a crucial role in the development of precision
treatment for the clinic. The amplitude of low-frequency fluctuation
(ALFF) is a widely used metric in local spontaneous brain activity at a
single voxel (Zang et al., 2007) and has been used to precisely localize
abnormal spontaneous brain activity in various diseases (Disner
et al., 2018; Lencer et al.,, 2019; Li et al., 2022; Shang et al., 2018;
Shang et al., 2019).

Conventionally, the fast Fourier transform (FFT) was conducted to
calculate ALFF by converting a time series into the frequency domain
by a set of sinusoidal functions. Compared to periodic sine function
decomposition, the irregular shape of the mother wavelet (Goerke
et al., 2005; Perraudin & Vandergheynst, 2017) is more suitable for
modeling biological signals (Jallouli et al., 2021). Luo et al. (2020) first
proposed Wavelet-ALFF in the analysis of RS-fMRI signals and
reported that the sensitivity and reproducibility of Wavelet-ALFF
were generally higher than those of FFT-ALFF. More specifically, ALFF
based on the mother wavelet of Daubechies 2 (named db2-ALFF) was
1.54 times as sensitive as FFT-ALFF and 2.95 times more reproducible
than FFT-ALFF in the higher frequency band (0.1992-0.25 Hz), which
may be due to the similarity in the shape of the mother wavelet of
db2 to the hemodynamic response function (HRF). However, the
aforementioned results were obtained using four cohorts of attention-
deficit/hyperactivity disorder (ADHD) RS-fMRI datasets. It should be
noted that ADHD is a highly heterogeneous disorder, which may lead
to ungeneralizable conclusions. The better reproducibility of Wavelet-
ALFF needs to be demonstrated with more evidence.

Reliability and validity are always important considerations for
the quality measurements of any metric (Zuo et al., 2019). To date,
there has been no report on the test-retest reliability of Wavelet-

ALFF. Therefore, our first aim was to investigate both the intra- and

wavelets (especially for db2-ALFF) were larger than those of FFT-ALFF across multi-
ple frequency bands. Furthermore, Wavelet-ALFF detected a larger modulation effect
than FFT-ALFF. Collectively, Wavelet db2-ALFF showed the best reliability and valid-
ity, suggesting that db2-ALFF may offer a powerful metric for inspecting regional
spontaneous brain activities in future studies.

amplitude of low-frequency fluctuation, fast Fourier transform, reliability, resting-state fMRI,
validity, wavelet transform

inter-scanner reliability of Wavelet-ALFF. The validity of RS-fMRI
metrics is not easily investigated in brain disorders due to the low
reproducibility of RS-fMRI results across studies (Jia et al., 2021).
However, the difference in ALFF between eyes closed (EC) and eyes
open (EO) conditions has been well-documented in some brain
regions by some RS-fMRI studies (Liu et al., 2013; Qian et al., 2019;
Wei et al., 2018; Yuan et al., 2014). More importantly, the difference
in these brain regions between EC and EO is very robust, and hence,
could be taken as a reference for validity. Thus, the second aim of the
current study was to test whether the Wavelet-ALFF has better valid-
ity than FFT-ALFF by employing nine RS-fMRI datasets containing EC
and EO states in healthy participants.

To further test the superiority of Wavelet-ALFF over FFT-ALFF,
we compared the sensitivity between Wavelet-ALFF and FFT-ALFF
on a dataset of repetitive transcranial magnetic stimulation (rTMS)
modulation study. rTMS has been widely used in the treatment of
brain disorders (Lefaucheur et al., 2014; Lefaucheur et al., 2020; Rossi
et al., 2021). Single-session rTMS modulation is a widely-accepted
paradigm for studying causal effects in RS-fMRI studies (Bergmann
et al.,, 2021; Wang et al., 2020). We recently found that a single-
session of rTMS significantly modulated the FFT-ALFF in the dorsal
anterior cingulate cortex (dACC) (Feng et al., 2021). We assumed that
the effect size of rTMS modulation would likely be larger for Wavelet-
ALFF than FFT-ALFF. Therefore, the current study investigated the
improvement of Wavelet-ALFF in terms of reliability, validity, and sen-
sitivity in detecting rTMS modulation effects.

2 | MATERIALS AND METHODS
21 | Data
2.1.1 | Multicenter ECEO datasets

Our study group collected a total of nine RS-fMRI datasets between
2007 and 2018, and the datasets were uploaded and made openly
available at https://www.nitrc.org/projects/eceo_rsfmri_9/. The origi-
nal dataset consisted of 260 participants, with 12 participants
excluded due to incomplete information, bad spatial normalization, or
excessive head motion (maximum head motion was larger than 2 mm

or 2°). The remained data included scans from 248 subjects under EC
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and EO conditions. The image acquisition parameters and demo-
graphic information were shown in Table 1 and Table S1, respectively.
Two resting-state scans (EC and EO) were performed for each subject
in a counterbalanced order for each dataset. Datasets 1-3 (hereafter
named the reliability dataset) were collected from the same cohort of
participants over three visits (V1, V2, and V3), where V1 and V2 (sepa-
rated by 14 + 1 days) were performed on a GE 3 T scanner and V3
was performed (230 + 8 days after V2) on a Siemens 3 T scanner.
Dataset 5 (n = 19; repetition time [TR] = 400 ms) is a subset of Data-
set 4 (n = 33; TR = 2000 ms), that is, 19 of the 33 participants under-
went an additional scan with a shorter TR. The ethics committee
approved the collection of each dataset from the corresponding
research center. All participants signed a written informed consent
form before scanning. They were recruited by advertisement. All were
right-handed and had no history of neurological or psychiatric illness.
The participants were asked to lie on the scanner with their eyes nat-
urally open (EO) or closed (EC), keep as still as possible, not fall asleep,
and not think about anything in particular. Foam pads and straps were
used to minimize head movement during scanning. After the RS-fMRI
scan, the experimenter immediately talked to the participants and

confirmed that none of them were asleep.

2.1.2 | Single-session rTMS modulation dataset

The RS-fMRI dataset of single-session rTMS stimulation in healthy
adults (N = 24) was from a previous study (Feng et al., 2021). For the
first visit, subjects underwent task-based fMRI and RS-fMRI to iden-
tify the effective region and stimulation targets for the following
rTMS intervention. In our original article, Eriksen flanker task was
used to define individual peak activation within the dorsal anterior
cingulate cortex (dACC), which was chosen as the effective region.
RS-fMRI was used to identify the stimulus target, that is, the voxel
with the strongest functional connectivity to the effective region
(i.e., the dACC). Subsequently, participants underwent rTMS interven-
tion at four different targets (i.e., frontal, parietal, double, and sham
targets) on four separate days (more than 1 week apart), and RS-fMRI
scans were performed before and after each visit. For each visit, par-
ticipants received 1800 pluses at 10 Hz frequency with 3-s trains
(100% resting motor threshold) and 27-s inter-train interval. After
individualized dACC-FC guided rTMS, FFT-ALFF was used to estimate
the rTMS modulation effects. The finding (Feng et al., 2021) revealed
that rTMS targeting right middle frontal gyrus (rMFG) modulates FFT-
ALFF in the dACC. Furthermore, functional connectivity (FC) strength
before rTMS (i.e., pre-rTMS FC) predicts FFT-ALFF changes in the
dACC. Here, we examined whether Wavelet-ALFF would show higher
sensitivity over FFT-ALFF in detecting the modulation effect of rTMS.
Also, sham stimulation session was included for analysis for compari-
son. This rTMS study was approved by the ethics committee of the
Center for Cognitive and Brain Disorders, Hangzhou Normal Univer-
sity. All subjects signed informed consent forms. The details of the
rTMS experimental design were described in prior study (Feng et al.,
2021). Detailed information on all datasets was shown in Figure 1 and
Table 1.

2.2 | Data preprocessing

All RS-fMRI data were preprocessed using DPABI (Yan & Zang, 2010)
based on MATLAB (https://www.mathworks.com/) and SPM12
(https://www fil.ion.ucl.ac.uk/spm/) with the following procedures:
removing the first 20 s of the brain volumes, slice time correction,
motion correction, spatial normalization via nonlinear registration to
an EPI template with a resampling resolution of 3 x 3 x 3 mm, and
spatial smoothing with a Gaussian kernel of 6 mm in three directions.
The Friston 24-parameter model (Friston et al., 1996) was used to
reduce the potential effect of head motion, and the averaged time
courses of cerebrospinal fluid (CSF) and white matter were considered
nuisance variables and were regressed out from each voxel's time

series using a multiple regression model.

2.3 | ALFF calculation
FFT-ALFF was calculated using DPABI toolkit. The power spectrum
was acquired by converting the preprocessed time series of each
voxel to the frequency domain using FFT. The averaged square root
was extracted from the power spectrum of each voxel across a given
frequency band (named FFT-ALFF). For normalization purposes, the
FFT-ALFF of each voxel was divided by the global mean FFT-ALFF.
Wavelet-ALFF was computed using the RESTplus toolkit. Contin-
uous wavelet transform (CWT) is a method for decomposing a single
time series into a time-frequency domain by continuously convolving
the time series x(t) with dilated and translated versions of a wavelet
function o (Luo et al., 2020; Sifuzzaman et al., 2009; Torrence &
Compo, 1998). The function of CWT is defined as follows:

CWT(k, s) = % Jj:x(t) Wo* (%) dt (1)

where x(t) is the time series and s € R* and k are wavelet scales
(64 frequency bins were selected from 0 to 0.25Hz at an interval of
0.0039 Hz for this study) and localized time index, respectively.

The wavelet coefficients at each scale and each time point were
obtained following the above steps, and Wavelet-ALFF is the average
of the wavelet coefficients in a given frequency band. To reduce the
effects of between-subject variability, Wavelet-ALFF was further
standardized by dividing by the global mean Wavelet-ALFF.

As did in a previous study (Luo et al., 2020), 5 mother wavelets
were selected, namely, Biorthogonal 4.4 (bior4.4) (Sweldens, 1996;
Wang et al., 2016), Daubechies 2 (db2) (Desco et al., 2001; Dinov
et al, 2005; Lina & Mayrand, 1995), Morlet (morl) (Chang &
Glover, 2010; Yaesoubi et al., 2015; Yuan et al.,, 2010; Zotev et al,,
2014), Meyer (meyr) (Behjat et al., 2015) and Symlets 3 (sym3) (Desco
et al., 2001; Khullar et al., 2011). The features of different mother
wavelets are shown in Figure S1.

Consistent with previous frequency sub-bands ALFF studies
(Zhang et al., 2015; Zuo, Di Martino, et al., 2010a), FFT-ALFF and
Wavelet-ALFF were calculated in the conventional band (0.0117-
0.0781 Hz) and five sub-bands: slow-6 (0-0.0117 Hz), slow-5
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(0.0117-0.0273 Hz), slow-4 (0.0273-0.0742 Hz), slow-3 (0.0742-
0.1992 Hz), and slow-2 (0.1992-0.25 Hz). The flowchart of ALFF cal-

culation was shown in Figure 1.

24 | Statistical analysis
24.1 | Test-retest reliability analyses for the
reliability dataset

The reliability dataset was used to inspect the intra-scanner (i.e., V1
vs. V2) and inter-scanner (i.e., V1 vs. V3, V2 vs. V3) reliability of FFT-
and Wavelet-ALFF using the intraclass correlation (ICC) (Shrout &
Fleiss, 1979) of each frequency band and each resting state (EC and

EO) as follows:
MSb — MSw

ICC=Msb+ (k= 1)M5w(2)

i
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The flowchart of multicenter ECEO RS-fMRI datasets and rTMS dataset information, ALFF calculation. ALFF: Amplitude of low-

where MSb is the between-subject variance, MSw is the within-
subject variance, k is the number of sessions, and k =2 for the ICC
calculation.

242 | Validity analyses for multicenter EC-EO
datasets: Mega-analyses with paired sample t test and
two-sample t test

The validity analyses were performed on multicenter RS-fMRI datasets
under EC and EO conditions. An empirical Bayesian estimation method
named Combat (Beer et al., 2020) was used to remove the potential
scanner variability, in which the head movement parameters (i.e., mean
framewise displacement) were used as covariates, and their effects
were regressed. Then, all data were entered into mega-analyses with
both the paired t test and the two-sample t test as follows.

Paired t tests were performed between EC and EO on each mea-

sure at each frequency band. Voxels above the corrected threshold
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(Gaussian random field theory correction [GRF correction], single
voxel p <.001, cluster level p < .05) were taken as showing a signifi-
cant difference in ALFF between EC and EO. Additionally, we per-
formed two-sample t tests since the between-group comparison is
much more prevalent in clinical studies, and between-group designs
are more challenging for reproducibility due to intersubject variability.
For grouping, half of the participants were selected as group 1 and
the rest were selected as group 2. The age, sex, and scanning order of
EC and EO were well matched (p > .5, Table S2) between the two
groups in each dataset. Two-sample t tests were performed between
EC in group 1 and EO in group 2 at each frequency band for FFT-
ALFF and Wavelet-ALFF. The threshold of between-group compari-
sons was identical to that of within-group comparisons.

To compare the validity of Wavelet-ALFF and FFT-ALFF metrics,
we compared the cumulative distributions of effect sizes for the dif-

ferences between EC and EO detected by these measures.

243 | Application of Wavelet-ALFF on the
modulation effect of rTMS

The single-session rTMS modulation dataset was used to test the sen-
sitivity of Wavelet-ALFF and FFT-ALFF in measuring changes in local

brain activity. A spherical region of interest (ROI) (radius = 4 mm) was
centered at the individualized dACC location. Paired t tests were per-
formed on the mean Wavelet-ALFF and FFT-ALFF values within the
dACC-ROI to compare between pre- and post-rTMS.

Moreover, FC between the rMFG-ROI (centered at the stimula-
tion target with a 4 mm radius) and the dACC-ROI was calculated
(Feng et al., 2021b). We performed Pearson's correlation analyses
between the strength of FC and the mean Wavelet-ALFF and FFT-
ALFF changes (post-rTMS minus pre-rTMS) in the dACC-ROI to inves-
tigate whether the strength of FC could predict the modulation effect
by rTMS in multiple frequency sub-bands.

3 | RESULTS

3.1 | Intra- and inter-scanner reliability

The reliability results are generally summarized as follows:

1. ICC values were generally the highest for db2-ALFF, while the ICC
for FFT-ALFF was the lowest for both intra- and inter-scanner

observations and in both EC and EO resting states in all frequency
bands (Figure 2b,c; Figure $2-S7; Table S3). Especially with the

intra-scanner reliability

(a) -
Visit 1 Visit 2 Visit 3 (V1vs. V2)
o
Ezcs Open yes Clsed [T s Open
ICC
. : ' : calculation
‘ inter-scanner reliability
(V1vs. V3 & V2 vs. V3)
Machine A Machine B
(b) (©)
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FIGURE 2 The reliability of wavelet-ALFF was higher than that of FFT-ALFF. (a) Flowchart of the reliability dataset information and ICC
calculation. (b) the intra- and inter-scanner reliability of FFT-ALFF, db2-ALFF of eyes open (EO) and eyes closed (EC) in the higher frequency band
slow-2 (0.1992-0.25 Hz). (c) the comparison of the reliability histogram among FFT-, db2-, sym3-, bior4.4-, meyr-, morl-ALFF of EO and EC in
slow-2 (0.1992-0.25 Hz). If the distribution curve of the ICC value tends to be plotted on the right side of the graph, the reliability of the metric is
better. Intra-scanner reliability (a, c); Inter-scanner reliability (b, d). ICC, intra-class correlation; V, visit; ALFF, amplitude of low-frequency
fluctuation; FFT, fast Fourier transform; db2, Daubechies 2; sym3, Symlets 3; bior4.4, biorthogonal 4.4; meyr, Meyer; morl, Morlet.
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higher frequency band slow-2 (0.1992-0.25 Hz), the intra- and
inter-scanner reliability of db2-ALFF was much higher than that of
FFT-ALFF (Figure 2b,c).

2. The ICCs of EC and EO were approximately the same across all
frequency sub-bands (Figure 2b; Figure S2, S8-513).

3.2 | Differences between Wavelet-ALFF and FFT-
ALFF in detecting the difference between EC and EO

The spatial pattern of the difference between EC and EO conditions
was highly consistent with that in previous studies (Yang et al., 2007;
Yuan et al.,, 2014; Zhao et al., 2018; Zou et al., 2015a; Zou et al.,
2015b) on both Wavelet-ALFF (five mother wavelets: db2, bior4.4,
meyr, morl, and sym3) and FFT-ALFF. EC had higher ALFF than EO in
the bilateral sensorimotor cortex and supplementary motor area
(SMA), while EC had lower ALFF than EO in the bilateral frontal gyrus
and middle occipital gyrus (MOG) (Figure S14 and S15).

Regarding the comparison between Wavelet-ALFF and FFT-
ALFF, effect sizes were almost the largest for db2-ALFF and approxi-
mately the smallest for FFT-ALFF in all frequency bands in all brain
regions, showing a significant difference between EC and EO
(Figure 3; Figure S16 and S17). The larger effect size of db2-ALFF
than FFT-ALFF was observed across all frequency sub-bands and the
conventional band (Figure 3a). This larger effect size was the most
prominent in the slow-2 frequency band for both between-group and

within-group comparisons (Figure 3b).

3.3 | Modulation effect of rTMS: Wavelet-ALFF
versus FFT-ALFF

We first compared the modulation effect of rTMS measured by FFT-
ALFF in the conventional band, and the results were the same as
those of our previous study (Feng et al., 2021b). More importantly,
FFT-ALFF in all frequency sub-bands were calculated, and the
Wavelet-ALFF of five mother wavelets were also used to measure the
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FIGURE 3 The differences between EC and EO calculated from db2-ALFF showed larger effect sizes than FFT-ALFF. Under the conditions of
comparisons within groups (upper) and comparisons between groups (bottom), (a) the empirical distribution and bar plots of mean effect size with
error bars (standard deviation) for detecting db2-ALFF and FFT-ALFF differences between EC and EO in the slow-2 frequency band (0.1992-
0.25 Hz); (b) the empirical cumulative distribution of effect sizes for each frequency band in within-group comparisons (upper) and between-
group comparisons (bottom). The distribution of effect size from FFT-ALFF was shown in gray, while colored lines represented effect sizes from
db2-ALFF. GRF corrected, voxel p < .001, cluster p < .05; Cohen's f> was the measure for calculating effect sizes in the current study.
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modulation effect of rTMS in all frequency sub-bands and the conven-
tional band. Both Wavelet-ALFF and FFT-ALFF revealed significant
differences between pre- and post-TMS, and the effect sizes of
Wavelet-ALFF were larger than that of FFT-ALFF in all cases (five
mother wavelets and six frequency bands) (Figure 4, Table S4-S6).
This larger effect size was more prominent for db2-ALFF and sym-
3-ALFF (Figure 4 and Figure S18). In the conventional band and all
frequency sub-bands, paired t tests showed that sham rTMS stimula-
tion did not significantly modulated Wavelet-ALFF and FFT-ALFF in
the dACC (Table $4-S9).

As did in our previous study (Feng et al., 2021), we examined the
correlation between the pre-rTMS FC and FFT-ALFF changes in the
dACC in the conventional band (0.0117-0.0781 Hz) and replicated
our previous result (Figure 5d). Furthermore, correlation analyses
were performed between the pre-rTMS FC and the changes in both
Wavelet-ALFF and FFT-ALFF in the dACC in all frequency sub-bands.
The results showed that the correlation values between pre-rTMS FC
and Wavelet-ALFF changes were similar to those between pre-rTMS
FC and FFT-ALFF changes (Figure 5). Moreover, no significant corre-
lation between the pre-rTMS of the sham condition and the changes
in local brain activity (i.e., Wavelet-ALFF and FFT-ALFF) was found
(Figure S19). In addition, similar results were obtained under control-
ling the distance between the stimulation target and effective region
(Figure S20).

Conventional band
(0.0117-0.0781 Hz)

Slow-4
(0.0273-0.0.742 Hz)

4 | DISCUSSION

The current study systematically investigated the intra- and inter-
scanner reliability and validity of Wavelet-ALFF across multiple fre-
quency bands. We found that the intra- and inter-scanner reliability of
Wavelet-ALFF was generally higher than that of FFT-ALFF, especially
db2-ALFF in the higher frequency band slow-2 (0.1992-0.25 Hz).
When comparing EC and EO conditions from 9 RS-fMRI datasets,
both within-group and between-group comparisons revealed larger
effect sizes for Wavelet-ALFF than FFT-ALFF. This was especially
true with slow-2 (0.1992-0.25 Hz), in which db2-ALFF exhibited
much more robust differences between EC and EO conditions than
FFT-ALFF. Moreover, we applied Wavelet-ALFF to the rTMS modula-
tion dataset and found that Wavelet-ALFF detected larger modulation
effect than FFT-ALFF.

41 | Higher intra- and inter-scanner reliability of
Wavelet-ALFF

Reliability is one of the most critical concerns for any metric. ALFF
has been widely used to localize aberrant functions at the level of sin-
gle voxels (Fu et al., 2018; Turner et al., 2013; Zang et al., 2007; Zang
et al., 2015; Zheng et al., 2021). All of these studies were based on

Slow-5
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FIGURE 4 The db2-ALFF and FFT-ALFF measured rTMS-induced local activity changes in the dACC. Paired t tests (post-rTMS vs. pre-rTMS)
showed significantly decreased db2-ALFF and FFT-ALFF in the dACC under the condition of real stimulation in conventional band (a) and slow-4
(b), in which the effect sizes of wavelet-ALFF were higher than that of FFT-ALFF (D, E). In slow-5 (0.0117-0.0273 Hz), paired t tests showed a

significantly decreased db2-ALFF while a decreased trend of FFT-ALFF (C, F). *p < .05.
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conventional band, pre-TMS FC was significantly correlated with the db2-ALFF changes (a) and FFT-ALFF changes (D) in the dACC. For the sub-
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FFT-ALFF; however, our recent study found that Wavelet-ALFF had
better sensitivity and reproducibility (Luo et al., 2020). The current
study first investigated the reliability of Wavelet-ALFF for application
purposes. Although studies have shown that FFT-ALFF possesses a
high test-retest reliability (Zuo, Kelly, et al., 2010b; Zuo &
Xing, 2014), we found that both the intra- and inter-scanner reliability
of Wavelet-ALFF was generally higher than that of FFT-ALFF in EC
and EO states across multiple frequency bands. Of note, the intra-
and inter-scanner reliability of db2-ALFF was much higher than that
of FFT-ALFF, especially in the higher frequency band slow-2 (0.1992-
0.25 Hz). Therefore, db2-ALFF is a reliable measurement to explore
brain function and has possible implications in its potential for probing
developmental and pathological processes (Bennett & Miller, 2010;
Hodkinson et al., 2013; Zuo, Kelly, et al., 2010b).

4.2 | Higher validity of Wavelet-ALFF

A good metric should have both high reliability and validity (Vollmar
et al., 2010). In the comparison of a variety of methods for reliability
measurement, validity is usually assessed based on a previously estab-
lished, definitive reference standard (or a “gold” standard) (Wilson
et al., 2017). Given the high heterogeneity in RS-fMRI studies for
detecting the difference between patients and healthy controls, it is

challenging to develop a metric with high validity for RS-fMRI. How-
ever, the difference between EC and EO states in healthy participants
has been revealed very consistently across RS-fMRI studies, and this
difference is mainly observed in the bilateral sensorimotor cortex,
SMA, and MOG (Agcaoglu et al., 2019; Agcaoglu et al., 2020; Y. X.
Feng et al., 2021; Liu et al., 2013; Wei et al., 2018; Yang et al., 2007;
Yuan et al,, 2014; Yuan et al,, 2018; Zhao et al., 2018). The current
study pooled multicenter datasets including EC and EO conditions,
and both within-subject and between-subject comparisons demon-
strated that the effect size with Wavelet-ALFF for most wavelet bases
was larger than that of FFT-ALFF across multiple frequency bands,
especially for db2-ALFF in the higher frequency band slow-2
(0.1992-0.25 Hz). Hence, we can therefore conclude that the validity
of Wavelet-ALFF is higher than that of FFT-ALFF.

Moreover, we were interested in whether Wavelet-ALFF could
detect larger effect sizes in the rTMS modulation data. When
Wavelet-ALFF and FFT-ALFF were used to detect rTMS-induced
changes in individualized dACC location, both measures detected the
modulation effect of rTMS in the same direction, although FFT-ALFF
had a smaller effect size. In other words, the use of Wavelet-ALFF
increased the statistical significance (i.e., larger effect sizes) of the dif-
ferences between pre-rTMS and post-rTMS. Based on these findings,
we recommend applying Wavelet-ALFF to detect changes in local
brain activity in RS-fMRI studies.
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4.3 | Shape of db2 and the hemodynamic response
function (HRF)

Wavelet-ALFF is superior to FFT-ALFF in reliability and validity, in
which db2-ALFF is the most robust metric for detecting spontaneous
local activity. Previous studies have shown that the wavelet transform
is highly sensitive to relatively large oscillatory activity (Dinov
2005; van Vugt et al., 2007; Zhang et al., 2016). The brain
regions involved in visuospatial processing generated higher oscilla-
tory activity during the EO state than the EC state (Boros et al., 2016),
which resulted in Wavelet-ALFF revealing more differences in the
MOG between the EC and EO conditions. Furthermore, the critical
factor in modeling biological structures and patterns is selecting a suit-
able basis function (Chang & Glover, 2010; Khullar et al., 2011;
Lio, 2003). Among the five mother wavelets, the shape of db2 is quite

et al.,

similar to that of the HRF (Figure 6); hence, wavelet functions appear
to be a more accurate way to model the HRF (Lindquist &
Wager, 2007). Lewis et al. (2016) found that the shape of the HRF
depended on the duration of neural activity, in which a narrower HRF
produced larger responses in the higher frequency band. Combining
the previous suggestions and our results, we hypothesize that the db2
mother wavelet is more suitable for modeling HRF at higher fre-

quency activities.

4.4 | Physiological significance of higher frequency
oscillations and db2-ALFF

The db2-ALFF data showed the most robust reliability and validity,
especially in the higher frequency band slow-2 (0.1992-0.25 Hz).
Generally, higher frequency oscillations of RS-fMRI signals have long
been considered primarily physiological noise. However, an electro-
physiology study demonstrated that there was a link between electri-

cal activity in electroencephalography (EEG) and the higher frequency

morl

meyr

(>0.1 Hz) component of the fMRI signal, in which the faster dynamics
of the fMRI response were accompanied by continuous and rapid
changes in neural activity (Lewis et al., 2016). In line with a previous
2014), we also found that both the higher and
lower frequency bands showed different oscillations between EC and

study (Yuan et al.,

EO states. In addition to the higher frequency functional significance
2013; Chen &
Glover, 2015; DeRamus et al., 2021), the higher frequency amplitude

based on physiological evidence (Boubela et al.,

in the fMRI signal may provide novel biomarkers for use in the clinic
2010; Otti et al., 2013; Wang et al., 2015; Wee
et al.,, 2012). We found that in both the higher and lower frequency

(Malinen et al.,

bands, the differences between EC and EO conditions were always
present in brain regions backed by solid and valid evidence (Agcaoglu
et al,, 2019; Yuan et al., 2014; Zou et al., 2015b). Among the metrics,
db2-ALFF was the most sensitive in the slow-2 sub-band in these
brain regions. Therefore, we suggest that db2-ALFF can be used in
resting-state studies to analyze the higher frequency signals.

As for the definition of lower and higher frequency in RS-fMRI
studies, there has been no consensus on how many frequency bands
should be divided, e.g., three bands (Malinen et al., 2010), six bands
(Otti et al., 2013), and five bands (Zuo, Di Martino, et al., 2010a) for
TR = 2 s; but more complicated for short TR (Yuan et al., 2014). Most
ALFF sub-frequency studies have followed Zuo, Di Martino, et al.
(2010a), that is, five bands. These ALFF studies used “ALFF” to repre-
sent all sub-bands while use “lower” and “higher” to differentiate the
sub-bands. It might be helpful to rename the different frequency
bands in the future RS-fMRI studies.

4.5 Limitations

A few limitations of the current study should be addressed. First, the
inter-scanner interval was too long (approximately half a year), and

the scanning order was not counterbalanced. Second, wavelet

bior 4.4

S

sym3

Glover HRF Model

A A A

FIGURE 6 Time course of the simulated HRF from Glover 1999 and wavelet function of 5 mother wavelets (i.e., db2, bior 4.4, meyr, morl,

and sym3).
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transformation is an efficient time-frequency transformation. We did
not use the temporal domain information from the wavelet transfor-
mation to compare with FFT-ALFF. Hence, further studies need to
solve how to better utilize the temporal information. Third, only
healthy individuals were used in this analysis, we need to further
explore whether the advantages of Wavelet-ALFF still exist under dif-
ferent scanning parameters, different populations, and different brain

diseases.

5 | CONCLUSION

To conclude, this study provides evidence of the superiority of
Wavelet-ALFF (especially db2-ALFF) over FFT-ALFF in improving reli-
ability and validity and increasing statistical significance. Therefore,
we recommend db2-ALFF for the analysis of RS-fMRI signals in both
low- and high-frequency bands.
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