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ARTICLE INFO ABSTRACT

Keywords: Pain-induced gamma-band oscillations (GBOs) are one of the most promising biomarkers of the pain experience.
Gamma-band oscillations Although GBOs reliably encode pain perception across different individuals and species, considerable hetero-
Pain

geneity could be observed in the characteristics and functions of GBOs. However, such heterogeneity of GBOs
and its underlying sources have rarely been detailed previously. Here, we conducted a systematic review and
meta-analysis to characterize the temporal, frequential, and spatial characteristics of GBOs and summarize the

Nociception
Meta-analyses

Biomarker
Cross-species studies functional significance of distinct GBOs. We found that GBO heterogeneity was mainly related to pain types, with
Heterogeneity a higher frequency (~66 Hz) GBOs at the sensorimotor cortex elicited by phasic pain and a lower frequency

(~55 Hz) GBOs at the prefrontal cortex associated with tonic and chronic pains. Positive correlations between
GBO magnitudes and pain intensity were observed in healthy participants. Notably, the characteristics and
functions of GBOs seemed to be phylogenetically conserved across humans and rodents. Altogether, we provided
a comprehensive description of heterogeneous GBOs in pain and nociception, laying the foundation for clinical

applications of GBOs.

1. Introduction

The unpleasant sensory and emotional experience of pain warns us of
harm and prevents us from actual or potential tissue damage (Raja et al.,
2020). Due to its protective function, pain clearly has survival values.
However, excruciating pain is a major kind of intense suffering. Chronic
pain, which persists or recurs for more than three months, loses the risk
warning and physical protection functions and is recognized as one of
the most burdensome disabling diseases (Davis et al., 2020; Treede et al.,
2019). It was estimated that 20-40% of the global adult population
suffers from chronic pain (Dahlhamer et al., 2018; Fayaz et al., 2016;
GBD 2019 Diseases and Injuries Collaborators., 2020), and the situation
has become more severe during the COVID-19 pandemic (Clauw et al.,
2020). To address the above issues, a deeper understanding of pain and
its neural mechanisms is urgently required. In particular, exploring a
mechanism-based biomarker of pain would benefit the objective
assessment of pain, development of new pain therapeutics, and accurate
prediction of therapeutic responses (Davis et al., 2020; Mouraux and
Iannetti, 2018).

Over the past two decades, gamma-band oscillations (GBOs), also

known as gamma oscillations or gamma-band synchronization, have
been proposed to be one of the most promising and selective biomarkers
of pain perception (Gross et al., 2007; Hu and Iannetti, 2019; May et al.,
2019; Ploner et al., 2017; Schulz et al., 2015; Yue et al., 2020; Zhang
et al.,, 2012). GBOs, the synchronized neural network rhythms in the
frequency ranging from 30 to 100 Hz (Bressler and Freeman, 1980;
Buzsaki and Wang, 2012), are vital for the communications between
different brain structures and networks (Bonnefond et al., 2017; Fries,
2015). Therefore, GBOs have been suggested to subserve an integrative
role of different functions for the generation of the conscious experience
of pain (Naro et al., 2015; Schulz et al., 2011). Importantly, multiple
lines of evidence supported the candidacy of GBOs as a promising pain
biomarker. First, the correlation between GBOs and pain perception was
consistently observed in different pain types (i.e., phasic, tonic, and
chronic pains) and those elicited by different stimulation approaches (e.
g., nociceptive laser, heat, and electrical stimulations) (De Pascalis and
Cacace, 2005; Gross et al., 2007; Peng et al., 2014; Schulz et al., 2015;
Zhou et al., 2018). Second, GBOs could not only encode pain variability
from trial to trial (moment to moment) within individuals (Schulz et al.,
2012b), but also predict pain sensitivity across different individuals (Hu

* Corresponding authors at: CAS Key Laboratory of Mental Health, Institute of Psychology, Chinese Academy of Sciences, Beijing, China.

E-mail addresses: zhaoq@psych.ac.cn (Q. Zhao), huli@psych.ac.cn (L. Hu).

https://doi.org/10.1016/j.neubiorev.2023.105062

Received 23 October 2022; Received in revised form 8 January 2023; Accepted 18 January 2023

Available online 20 January 2023
0149-7634/© 2023 Elsevier Ltd. All rights reserved.


mailto:zhaoq@psych.ac.cn
mailto:huli@psych.ac.cn
www.sciencedirect.com/science/journal/01497634
https://www.elsevier.com/locate/neubiorev
https://doi.org/10.1016/j.neubiorev.2023.105062
https://doi.org/10.1016/j.neubiorev.2023.105062
https://doi.org/10.1016/j.neubiorev.2023.105062
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neubiorev.2023.105062&domain=pdf

Z. Lietal

and Iannetti, 2019), in both humans and rodents (Hu and Iannetti, 2019;
Peng et al.,, 2018). Third, the correlation between GBOs and pain
perception was independent of stimulus saliency (Zhang et al., 2012),
even though saliency could strongly bias the relationship between most
nociceptive-evoked brain responses and pain perception (lannetti et al.,
2008; Mouraux and lannetti, 2009). Fourth, GBOs seemed to causally
affect pain perception since modulating the GBO activity using the
optogenetic technique could effectively affect pain sensitivity in mice
(Tan et al., 2019).

Nevertheless, pain-related GBOs should not be considered as a single
entity. There is substantial heterogeneity in GBO characteristics and
functions reported by previous publications (Hauck et al., 2007; Kim
et al., 2015; Liberati et al., 2018b; Nickel et al., 2017; Schulz et al.,
2012a; Tiemann et al., 2015). For instance, GBOs elicited by different
pain types were reported to originate from different brain regions, e.g.,
the primary sensorimotor cortex for phasic pain (Gross et al., 2007; Heid
etal., 2020; Schulz et al., 2015; Tiemann et al., 2012; Zhang et al., 2012)
and the prefrontal cortex for chronic pain (Lim et al., 2016; May et al.,
2019; Zhou et al., 2018). Even for the same pain type (e.g., phasic pain),
GBOs elicited by different stimulation approaches (e.g., nociceptive
laser, electrical, and mechanical stimulations) demonstrated distinct
time-frequency distributions (Chien et al., 2014; Fabrizi et al., 2016;
Michail et al., 2016; Rossiter et al., 2013). Moreover, a consensus has not
been reached regarding the functions of pain-related GBOs. For
example, some researchers suggested that GBOs represented pain
perception rather than other psychological processes (Croft et al., 2002;
Gross et al., 2007; Michail et al., 2016; Naro et al., 2015; Zhang et al.,
2012), whereas others considered GBOs to reflect the involuntary
attention induced by painful stimuli (Chien et al., 2014; Hauck et al.,
2007; Northon et al., 2021a; Tiemann et al., 2010). The aforementioned
heterogeneity suggests that GBOs are unlikely to be a single entity and
but should be classified into several distinct entities. However, the un-
derlying sources of GBO heterogeneity and the classification of GBOs
have rarely been explored empirically.

To address these issues, we conducted a systematic review and meta-
analysis to summarize the characteristics and functional significance of
GBOs. Briefly, the whole investigation consisted of two studies, which
summarized human and rodent findings (i.e., Studies 1 and 2), respec-
tively. In both studies, we focused on the effects of the group (i.e.,
healthy participants and chronic pain patients), pain type (i.e., phasic,
tonic, and chronic pains), and stimulation approaches (e.g., nociceptive
laser, electrical, and heat stimulations) on (1) the correlation between
pain intensity and GBO magnitude, (2) the frequential, spatial, and
temporal characteristics of GBOs, and (3) the functional significance of
GBOs. These factors were consistently reported by most of the previous
studies and were proposed to be associated with the heterogeneity of
GBO characteristics and functions (Bassez et al., 2020; Gross et al., 2007;
Li et al., 2016c; May et al., 2019; Rossiter et al., 2013; Schulz et al.,
2015).

2. Methods
2.1. Protocol registration

This systematic review and meta-analysis has been preregistered on
the International Platform of Registered Systematic Review and Meta-
Analysis Protocols (INPLASY202180072; DOL 10.37766/
inplasy2021.8.0072), according to the Preferred Reporting Items for
Systematic Reviews and Meta-analysis statement (PRISMA) (Moher
et al., 2015). Literature Search, Article Selection, and Data Coding were
conducted by two researchers independently (ZJL and YXZ), and the
final meta-analyses were performed and rechecked by two researchers
(ZJL and QZ). Discrepancies between these researchers were brought to
our team meeting and solved with an agreement from all team members.
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2.2. Literature search

Articles were searched from four online databases: PubMed, Web of
Science, Scopus, and EBSCO (Academic and Library). Only peer-
reviewed articles written in English were considered. The search
period was from the earliest date of each database to September 21%,
2021, and the search areas were the research topic, title, or abstract of
each article. The searching keywords were:

(1) y-related keywords: [gamma-band event-related synchronization
OR y-band event-related synchronization OR gamma-ERS OR
v-ERS OR gamma-band oscillations OR gamma oscillations OR
GBOs OR GBOJ;

(2) pain-related keywords:
*-evoked OR *-induced];

(3) technique-related keywords: [electroencephalogram OR electro-
encephalography OR EEG OR magnetoencephalogram OR mag-
netoencephalography OR MEG OR local field potentials OR LFP
OR electrocorticography OR electrocorticogram OR ECoG].

[pain OR nociceptive stimul* OR

After duplicated articles were removed, 885 candidate articles were
identified from the four databases (Fig. 1). These articles covered both
human studies (n = 730) and animal studies (n = 152), as well as a few
cross-species studies (n = 3). These candidate articles were further
screened according to the inclusion criteria (see below).

2.3. Inclusion criteria

For human studies, articles were further scanned according to the
following five inclusion criteria: (1) the research topic was pain elicited
by noxious stimuli or spontaneous pain of chronic pain patients; (2)
signal features of GBOs were reported (e.g., time, frequency, or spatial
distribution); (3) only one type of noxious stimuli was applied in each
trial; (4) data had not been used by any other study of the cadidate
article pool; (5) all participants were adults (i.e., minimal age > 18).

The above inclusion criteria also applied to animal studies after a few
modifications: (1) the research topic was nociception or pain, and the
animals were subjected to noxious stimuli or were the chronic pain
modeling; (2) the study must be in vivo, rather than in vitro; (3) adult
animals were used.

2.4. Study 1: systematic review and meta-analysis of human GBO studies

2.4.1. Article selection

After the literature scanning according to the inclusion criteria, 74
candidate studies remained for the current systematic review and meta-
analysis (see Fig. 1). The excluded articles were irrelevant, identified
according to the study title (the 18t step, n = 449 excluded), abstract (the
ond step, n = 148 excluded), and full-text (the 3rd step, n = 61 excluded).
Meanwhile, one eligible study was recruited from the reference list of
the remaining studies (n = 1 included). Finally, one human experiment
of one cross-species investigation was identified (n = 1 included).

For conducting the meta-analysis, the remaining 74 articles were
further scanned (Babiloni et al., 2002; Baroni et al., 2020; Bassez et al.,
2020; Chen and Herrmann, 2001; Chien et al., 2014; Croft et al., 2002;
De Pascalis and Cacace, 2005; De Pascalis et al., 2004, 2019; Dinh et al.,
2019; Dowman et al., 2008; Ebrahimian et al., 2018; Fabrizi et al., 2016;
Gross et al., 2007; Guo et al., 2020a; Hansen et al., 2017; Hauck et al.,
2015, 2007, 2013, 2017; Heid et al., 2020; Hsiao et al., 2020; Hu and
Iannetti, 2019; Huang et al., 2018; Kim et al., 2015; Levitt et al., 2020; Li
et al., 2016b, 2016c; Liberati et al., 2018a, 2019, 2018b, 2020; Lim
et al., 2016; Liu et al., 2015b, 2015a; Luo et al., 2020; May et al., 2019;
Michail et al., 2016; Misra et al., 2017; Naro et al., 2015, 2016; Nickel
et al., 2017; Nilsson et al., 2014; Northon et al., 2021a, 2019, 2021b;
Papageorgiou et al., 2017; Parker et al., 2020; Peng et al., 2014; Ren
et al., 2019; Rossiter et al., 2013; Rustamov et al., 2019, 2021, 2020;
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Fig. 1. Flowchart of the article selection. A total of 74 human studies and 18 rodent studies were included in the systematic reviews, and 73 human studies and 17
rodent studies were considered in the meta-analyses (n = number of studies). *A cross-species study (Hu and Iannetti, 2019) included both a human study and an
animal study. One human study (Veerasarn and Stohler, 1992) was retrieved from the reference list and added to the meta-analyses. ¥ One human study (Dowman
et al., 2008) was excluded from the meta-analyses since it did not report the statistical results. T Since all animal studies were based on rodents, the subtitle of the
meta-analyses was changed from animal studies to rodent studies. One rodent study was excluded from the meta-analyses in rodent studies since its sample size was

not provided (Friesner et al., 2020).

Schulz et al., 2015, 2011, 2012a, 2012b; Senkowski et al., 2011; Shi-
gihara et al., 2020; Strube et al., 2021; Taesler and Rose, 2016; Tiemann
et al., 2018, 2015, 2010, 2012; Tripanpitak et al., 2021; Valentini et al.,
2013; Veerasarn and Stohler, 1992; Vijayakumar et al., 2017; Wang
etal., 2019; Zhang et al., 2012; Zhou et al., 2018, 2020) (Table S1). First,
one study (Dowman et al., 2008) was excluded from all meta-analyses
because it did not report statistical results of GBOs (n =1 excluded).
Second, studies were excluded from corresponding meta-analyses if (1)
lacking statistical information about the correlation between pain in-
tensity and pain-related GBOs (n = 54 excluded), (2) lacking informa-
tion about the range of frequency of pain-related GBOs (n = 1 excluded),
(3) lacking information about the spatial distribution of the electrodes
containing pain-related GBOs (n = 30 excluded), or (4) lacking infor-
mation about the range of latency of pain-related GBOs (n = 44

excluded). Eventually, four meta-analyses were conducted to explore (1)
the correlation coefficient between pain intensity and GBOs (n =19
remained studies), (2) the frequency range of GBOs (n = 72 remained
studies), (3) the electrodes containing GBOs using a spatial activation
likelihood estimation (ALE) (n = 43 remained studies), and (4) the la-
tency range of GBOs (n = 29 remained studies).

2.4.2. Data coding

Both basic information and statistical information were coded for the
current meta-analyses. Basic information was coded consistently for the
four meta-analyses, covering (a) study name, (b) sample size and sex
ratio of each study (i.e., female %), (c) participant group (i.e., healthy
participants or patients), (d) pain type (i.e., phasic, tonic, or chronic
pain), (e) stimulation type (e.g., laser, electrical, or heat stimulation), (f)
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stimulation/pain side (e.g., left or right side of the body), and (g)
recording technique (e.g., EEG, MEG, or LFP) (Table S1).

Statistical information was coded for the four meta-analyses
separately:

(1) the correlational meta-analysis: the information coded was the
correlation-related statistical information (e.g., Pearson’s correlation
coefficient and p-value). If any study presented Spearman’s correlation
coefficient rs, we converted it to Pearson’s correlation coefficient ac-
cording to the conversion formula r = 2sin(rsn/6) (Pearson, 1907;
Rupinski and Dunlap, 1996). If a study reported the t-value or 8 coeffi-
cient (Peterson and Brown, 2005) of a univariate regression predicting
pain intensity from the magnitude of GBOs, we directly transformed the
t or § values to the r value in the meta-analysis (Table S2).

(2) the frequential meta-analysis: the information coded was the
frequency range of GBOs (i.e., lower limit, upper limit, and mean)
(Table S3).

(3) the spatial ALE of electrodes: the information coded was the la-
bels of electrodes with the pain-related GBOs (e.g., Cz and FCz,
Table S4). In a few studies, the electrodes containing GBOs were re-
ported, but the scalp distributions of GBOs were not presented. In these
cases, the electrodes to extract pain-related GBOs could only be deter-
mined based on a hypothesis-driven approach, not a data-driven one. All
labels of electrodes were projected to the Talairach space (x™F, y™L,
zTAL through the following formula (Talairach and Tournoux, 1988):
XTAL _ _40 xyPEG, yTAL _ 40 »xEEG ;TAL _ 40 5 7FES \yhere xEEG, yEEG,
zEC are EEG electrode coordinates retrieved from the EEGLAB toolbox
(i.e., the standard 10-20 Cap81.ced file) (Delorme and Makeig, 2004).
The converted Talairach coordinates of the reported electrodes were
used in the ALE analysis. A map of the 64-electrode cap with Talairach
coordinates was used to decode the final ALE results.

(4) the temporal meta-analysis: the information coded was the la-
tency range of GBOs (i.e., lower limit, upper limit, and mean) (Table S5).

2.5. Study 2: systematic review and meta-analysis of rodent GBO studies

2.5.1. Article selection

In total, 152 animal studies were identified from the four databases.
These candidate articles were screened based on the study title (the 18t
step, n = 105 excluded), abstract (the 2ond step, n = 15 excluded), and
full-text (the grd step, n = 15 excluded) (Fig. 1). A systematic review was
conducted based on the remaining studies (n = 18), which included 17
rodent studies and one rodent experiment presented in a cross-species
study (Table S6). For the meta-analysis, one study had to be further
excluded since the sample size was not given (Friesner et al., 2020).
Therefore, a meta-analysis of the frequency range of GBOs was con-
ducted based on the remaining 17 rodent studies (Fu et al., 2018; Guo
et al., 2020b; Hu and Iannetti, 2019; Iwamoto et al., 2021; Li et al.,
2016a, 2017; Liu et al., 2019; Neves et al., 2018; Peng et al., 2018;
Ponsel et al., 2020; Shi et al., 2020; Tan et al., 2019; Wang et al., 2011,
2016; Xiao et al., 2019; Yue et al., 2020; Zhang et al., 2018) (Table S7).

2.5.2. Data coding

Information coded included from the animal studies were: (a) study
name, (b) sample size, (c) animal group (i.e., mouse or rat), (d) pain type
(i.e., phasic, tonic, or chronic pain), (e) stimulation type (e.g., laser or
electrical stimulation), (f) frequency range of GBOs (i.e., lower limit,
upper limit, and mean) (Table S7).

2.6. Methods of meta-analyses and systematic review

2.6.1. Traditional meta-analysis

The Comprehensive Meta-Analysis (CMA) V3 statistical software
(Biostat. Inc., Englewood, NJ, USA) (Borenstein et al., 2014) was used to
perform the traditional meta-analysis. Random-effects models were used
to account for the within- and between-study variability (Lipsey and
Wilson, 2001). In addition, we evaluated the moderation effects of
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participant types (e.g., healthy participants vs. patients), pain types (e.
g., phasic pain vs. tonic pain vs. chronic pain), and stimulation types (e.
g., laser stimulation vs. electrical stimulation) on the meta-analysis re-
sults (Fig. 2). Furthermore, if any of the above comparisons among
multiple subgroups (three or more subgroups) was significant, pairwise
comparisons with Bonferroni correction (i.e., Dcorrected
= Draw™ Ncomparisons, to account for inflated Type I error) were conducted
to identify the source of the group difference. For the foregoing
meta-group comparisons, mixed-effects models (random-effects models
to evaluate the mean effect size for each subgroup and fixed-effects
models for group comparisons) were used. Importantly, meta-group
comparisons were conducted only when there were sufficient number
of effect sizes for each compared group (k > 2 per meta-group).

To gauge the risk of publication biases, we constructed the funnel
plot with Duval and Tweedie’s trim and fill correction (Duval and
Tweedie, 2000) and performed the Begg and Mazumdar rank test with
Kendall’s tau with continuity correction (Begg and Mazumdar, 1994). If
p > 0.05 for the Begg and Mazumdar rank test, we concluded that no
evidence for significant publication bias existed. The heterogeneity of
these analyses was assessed using Q and I? (Higgins and Thompson,
2002; Huedo-Medina et al., 2006). I? values of 25%, 50%, and 75%
suggest low, moderate, and high heterogeneity, respectively (Higgins
et al., 2003). Moreover, Cochrane Collaboration’s tool (Higgins et al.,
2011; Sterne et al., 2019) and SYRCLE’s risk of bias tool (Hooijmans
et al., 2014) were used to comprehensively evaluate other risks of biases
(i.e., selection bias, performance bias, detection bias, attrition bias, and
reporting bias) for individual human studies (Fig. S1) and rodent studies
(Fig. S2), respectively. Finally, to evaluate the stability of these analyses,
we conducted a sensitivity analysis using the ‘one study removed
method’ (Borenstein et al., 2021).

2.6.2. Activation likelihood estimation

BrainMap GingerALE 3.0.2 was used for conducting the current ALE
analyses (Eickhoff et al., 2012). In ALE, each coordinate (i.e., xTAL yTAL,
2™ is treated as the center of an ‘activation’, spreading to adjoining
areas following the Gaussian distribution. Each brain area’s overall
‘activation’ is the combined ‘activation’ as per all inputs in the area. The
final ALE results are the brain areas with ‘activation’ over a statistical
threshold. In this study, the statistical threshold for the ALE was set to be
a = 0.001.

2.6.3. Systematic review

To supplement the meta-analysis results, a systematic review was
conducted for human studies and rodent studies respectively. For human
studies, we have synthesized and classified the main functions of GBOs
proposed in previous studies. The GBO functions could be roughly
divided into seven aspects: pain perception (reflecting subjective pain
experience of individuals), pain attention (reflecting the involuntary
attention attracted by noxious stimuli), general sensory processing
(reflecting the general sensory processing of painful and non-painful
stimuli), multidimensional processing of pain (reflecting the process-
ing of multiple aspects of pain, such as active-avoidance control and pain
emotion), motor responses (reflecting the transformation from pain
sensory information to motor responses), pain relief (reflecting the
reduction of pain experience after treatment), and pathophysiology of
chronic pain (reflecting the abnormal brain activity in patients with
chronic pain). For rodent studies, we summarized the information not
revealed by the meta-analysis (e.g., correlation coefficient, latency
range, and spatial distribution).

3. Results

3.1. Correlation between pain intensity and GBO magnitude in human
studies

A total of 19 studies evaluated the correlation between pain intensity
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Questions Figures
Human studies
Q1: Are GBOs correlated with pain intensity in humans? Figure 4
Q2: What are the frequential features of GBOs in humans? Figure 5
Q3: How do GBOs distribute spatially in humans? Figure 6
Q4: When do GBOs occur temporally in humans? Figure 7
Q5: What are the functions of GBOs in humans? Figure 8
Animal studies
Q6: What are the frequential features of GBOs in animals? Figure 9

Human studies Anm'mal
studies

Effects

Participant group/
Animal type

Pain type

Stimulation type

Stimulation side

Correlations Frequential Spatial Temporal Frequential
with pain characteristics characteristics characteristics characteristics
Fig. 4 (a-c) Fig. 5 (a-e) X Fig. 7 (a-b) Fig. 9 (a)
Fig. 4 (d-e) Fig. 5 (f-h) Fig. 6 (a-b) X Fig. 9 (b)
Fig. 4 (f-g) Fig. 5 (i-k) Fig. 6 (c) Fig. 7 (c-d) Fig. 9 (c)
X X Fig. 6 (d) X X

Fig. 2. The summary of all meta-analyses performed on human studies and rodent studies. In human studies, a series of meta-analyses were performed to assess the
correlation between GBO magnitude and pain intensity, and explore the frequential, spatial, and temporal characteristics of GBOs. Due to the limited number of
animal studies, only one meta-analysis was performed to explore the frequential characteristic of GBOs of rodents.
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Fig. 3. Funnel plots of meta-analyses. Hollow circles indicate studies included in the meta-analysis, and solid black circles represents the missing studies indicated by
Duval and Tweedie’s trim and fill correction procedure. The horizontal axis represents the mean effect size, and the vertical axis represents the standard error. Hollow
diamonds indicate the observed overall results, and solid black diamonds represent the adjusted overall results.
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and GBO magnitude (participant N = 561, 30 experiments). The mean
Pearson’s correlation coefficient (r) of these studies was 0.57 (95% CI =
[0.48, 0.65], p < 0.001) (Fig. S3). It is worth noting that this significant
correlation mostly reflected within-individual correlations, although a
recent study also found between-individual correlations between GBO
magnitudes and pain intensity (Hu and lannetti, 2019). In addition,
moderate heterogeneity was observed among these studies (Q = 78.04,
df =29, p < 0.001; P = 62.84). Kendall’s S statistic (P-Q) was 26.00 for
the Begg and Mazumdar rank test (Kendall’s corrected tau = 0.06, z for
the tau = 0.45, two-tailed p = 0.66). Duval and Tweedie’s trim and fill
procedure suggested that there could be five missing studies. Including
these missing studies, a reanalysis suggested that the correlation coef-
ficient increased to 0.64 (95% CI = [0.54, 0.72], Q = 149.85). Based on
these results, there was no obvious evidence of publication bias (see
Fig. 3a for the funnel plot).

3.1.1. Participant group effect

The correlation coefficient in healthy participants (r = 0.60, 95% CI
= [0.51, 0.68], p < 0.001, k = 26) was marginally significantly (Q =
3.62, p = 0.057) larger than in patients (r = 0.27, 95% CI = [—0.13,
0.60], p = 0.181, k = 4) (Fig. 4a). For phasic pain, the correlation co-
efficient was significantly (Q = 14.69, p < 0.001) higher in healthy
participants (r = 0.63, 95% CI = [0.50, 0.73], p < 0.001, k = 19) than in
patients (r = 0.07, 95% CI = [-0.22, 0.34], p = 0.644, k = 3) (Fig. 4b).
Moreover, for nociceptive laser stimulation, the correlation coefficient
in healthy participants (r = 0.63, 95% CI = [0.44, 0.77], p < 0.001,
k = 13) was significantly higher (Q = 11.28, p < 0.01) than in patients
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(r=0.07, 95% CI = [-0.22, 0.34], p = 0.644, k = 3) (Fig. 4c). Due to
insufficient studies on tonic pain and chronic pain in patients, no com-
parison was performed between the two participant groups. These re-
sults indicate that the correlation between pain intensity and GBOs in
healthy participants is larger than in patients, especially for phasic pain
induced by laser stimulation.

3.1.2. Pain type effect

Across participant groups, no significant differences of the correla-
tion coefficient between phasic pain (r = 0.58, 95% CI = [0.44, 0.69],
p < 0.001, k =22) and tonic pain (r = 0.55, 95% CI = [0.45, 0.64],
p < 0.001, k = 7) were observed (Q = 0.087, p = 0.768) (Fig. 4d). For
studies with healthy participants, no significant pain type effects on the
correlation (Q =0.966, p = 0.326) were identified between phasic pain
(r=0.63, 95% CI = [0.50, 0.73], p < 0.001, k = 19) and tonic pain
(r =0.55, 95% CI = [0.45, 0.64], p < 0.001, k = 7) (Fig. 4e). The effect
of pain types on the correlation in patients was not evaluated since there
were only two studies of phasic pain (r = 0.07, 95% CI = [—0.22, 0.34],
p = 0.644, k = 3) and one of chronic pain (r = 0.70, 95% CI = [0.27,
0.90], p < 0.01, k =1). Taken together, these results show that the
correlation between pain intensity and GBO magnitude persists
regardless of pain types in healthy participants.

3.1.3. Stimulation type effect

Across participant groups, the correlation coefficients were not
significantly different (Q = 2.089, df = 2, p =0.352) among laser
(r=0.55, 95% CI = [0.36, 0.70], p <0.001, k =16), electrical
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(r =0.60, 95% CI = [0.46, 0.71], p < 0.001, k = 6), and heat stimula-
tions (r = 0.55, 95% CI = [0.43, 0.65], p < 0.001, k = 5) (Fig. 4f). For
studies with healthy participants, no significant stimulation type effect
on the correlation (Q = 0.46, df = 2, k = 24, p = 0.794) were identified
among laser (r=0.63, 95% CI = [0.44, 0.77], p < 0.001, k =13),
electrical (r = 0.60, 95% CI = [0.46, 0.71], p < 0.001, k = 6), and heat
stimulations (r = 0.55, 95% CI = [0.43, 0.65], p < 0.001, k =5)
(Fig. 4g). These findings suggest that the stimulation type has little effect
on the correlation coefficient between pain intensity and GBO
magnitude.

Owing to inadequate number of publications, two studies using the
other types of stimulations (chemical: r = 0.57, 95% CI = [0.33, 0.75],
p < 0.001, k =1; cold: (r = 0.54, 95% CI = [—0.05, 0.85], p = 0.070,
k = 1) were excluded from the subgroup comparison of healthy partic-
ipants. In addition, there were only two studies with laser stimulation in
patients (r = 0.07, 95% CI = [—0.22, 0.34], p = 0.644, k = 3). There-
fore, we did not meta-analyze the effect of stimulation types on the
correlation between pain intensity and GBO magnitude in studies with
patients.

3.2. Frequential characteristics of GBOs in human studies

In total, 72 studies (participant N = 2029, 83 experiments) presented
the frequency range of GBOs. The mean of GBO frequency was 63.24 Hz
(standard error = 2.31 Hz, 95% CI = [58.72, 67.76], k = 83) (Fig. 54).
High heterogeneity among these studies was identified (Q = 1881.97, df
=82, p < 0.001; P= 95.64). Kendall’s S statistic (P-Q) in the Begg and
Mazumdar rank test was — 164.00 (Kendall’s corrected tau = —0.05, 2
for the tau = 0.64, two-tailed p = 0.52). Meanwhile, Duval and Twe-
edie’s trim and fill test indicated there could be ten missing studies.
Adjusted with these missing studies, the mean value of GBO frequency
was lowered to 60.17 Hz (standard error = 2.10 Hz, 95% CI = [56.06,
64.28], Q = 1952.40). Therefore, no apparent publication bias existed
(see Fig. 3b for the funnel plot).

3.2.1. Participant group effect

The GBO frequency in healthy participants (63.59 + 2.91 Hz, 95%
CI = [57.88, 69.29], k = 55) and that in patients (62.33 + 3.51 Hz, 95%
CI = [55.45, 69.22], k = 28) were not significantly different (Q = 0.076,
p = 0.783) (Fig. 5a). For phasic pain, no significant group differences of
GBO frequency were found (Q = 0.299, p = 0.585) between healthy
participants (66.22 + 3.60 Hz, 95% CI = [59.16, 73.29], k = 38) and
patients (69.35 + 4.44 Hz, 95% CI = [60.64, 78.06], k = 15) (Fig. 5b).
For tonic pain, no significant group differences were found (Q = 0.163,
p = 0.686) between healthy participants (54.49 + 3.56 Hz, 95% CI =
[47.50, 61.48], k =17) and patients (48.69 + 13.93 Hz, 95% CI =
[21.40, 75.98], k = 2) (Fig. 5¢). More specifically, the GBO frequency
was not significantly different between healthy participants and patients
stimulated by either laser (73.09 + 3.23 Hz, 95% CI = [66.76, 79.42],
k = 20 [healthy] vs. 69.91 + 4.90 Hz, 95% CI = [60.30, 79.51], k = 11
[patients]; Q = 0.294, p = 0.588, Fig. 5d) or electrical stimulations
(57.55 + 3.51 Hz, 95% CI = [50.67, 64.43], k = 16 [healthy] vs. 77.14
+ 10.52 Hz, 95% CI = [56.52, 97.78], k = 3 [patients]; Q = 3.122,
p = 0.077, Fig. 5e). These results suggest no significant participant
group effect on the GBO frequential characteristics.

3.2.2. Pain type effect

Across participant groups, there was a significant main effect of pain
types on GBO frequency (phasic pain: 67.13 £+ 3.09 Hz, 95% CI =
[61.07, 73.20], k = 53; tonic pain: 53.21 + 3.23 Hz, 95% CI = [46.87,
59.55], k=19; chronic pain: 55.25 + 4.10 Hz, 95% CI = [47.22,
63.28], k = 11; Q = 25.774, df = 2, p < 0.001). Post hoc comparisons
showed that the frequency of GBOs elicited by phasic pain was signifi-
cantly higher than that elicited by tonic pain (Q = 9.671, Pcorrected =
0.006), and was marginally significantly higher than that elicited by
chronic pain (Q = 5.360, pcorrected = 0.063) (Fig. 5f). In healthy
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participants, there was significant difference of GBO frequency (Q =
5.351, p = 0.021) between phasic pain (66.23 + 3.60 Hz, 95% CI =
[59.16, 73.29], k = 38) and tonic pain (54.49 + 3.57 Hz, 95% CI =
[47.51, 61.49], k = 17) (Fig. 5 g). In patients, there was a significant
pain type effect (phasic pain: 69.35 + 4.44 Hz, 95% CI = [60.64, 78.06],
k = 15, tonic pain: 48.69 + 13.93 Hz, 95% CI = [21.40, 75.98], k = 2,
and chronic pain: 55.25 + 4.10 Hz, 95% CI = [47.22, 63.28], k = 11; Q
= 7.66, df = 2, p = 0.022). Post hoc comparisons showed that GBO fre-
quency was marginally significantly higher for phasic pain than for
chronic pain (Q = 5.444, Pcorrected = 0.060) (Fig. 5h). These results
indicate that phasic pain tends to induce higher GBO frequency than
tonic and chronic pain do.

3.2.3. Stimulation type effect

There was a significant main effect of the stimulation type on GBO
frequency (Q =1214.99, df =5, p < 0.001) among six stimulation types:
laser (72.11 £ 2.65 Hz, 95% CI = [66.91, 77.31], k = 31), electrical
(60.53 + 3.45 Hz, 95% CI = [53.77, 67.28], k =19), heat (64.29
+ 4.13 Hz, 95% CI = [56.20, 72.38], k = 10), cold (43.57 + 3.82 Hz,
95% CI = [36.07, 51.071, k = 6), mechanical (43.15 + 3.25 Hz, 95% CI
= [36.79, 49.51], k = 4), and chemical stimulations (69.27 + 8.35 Hz,
95% CI = [52.92, 85.63], k = 2). Post hoc comparisons revealed the
following results. First, the frequencies of GBOs induced by laser, elec-
trical, and heat stimulations were significantly higher than those
induced by cold and mechanical stimulations (electrical vs. cold: pcor-
rected < 0.05; others: pcorrected < 0.01). Secondly, GBO frequencies
induced by cold and mechanical stimulations were marginally signifi-
cantly lower than that induced by chemical stimulation (cold vs.
chemical: peorrected = 0.075; mechanical vs. chemical: peorrected = 0.06)
(Fig. 5i).

We then examined the stimulation type effect in different participant
groups. In healthy participants, a significant main effect of stimulation
types on GBO frequency was identified (Q = 28.26, df = 5, p < 0.001)
among laser (73.09 &+ 3.23 Hz, 95% CI = [66.76, 79.42], k = 20),
electrical (57.55 + 3.51 Hz, 95% CI = [50.67, 64.43], k = 16), heat
(64.19 + 4.40 Hz, 95% CI = [55.56, 72.82], k=9), cold (45.56
+4.70 Hz, 95% CI = [36.34, 54.77], k =5), mechanical (42.69
+ 3.63 Hz, 95% CI = [35.57, 49.80], k = 3), and chemical stimulations
(69.27 + 8.35 Hz, 95% CI = [52.92, 85.63], k = 2). Post hoc analysis
revealed the following results. First, the frequency of GBOs induced by
laser stimulation was significantly higher than those induced by elec-
trical, cold, and mechanical stimulations (laser vs. electrical: peorrected <
0.05; others: peorrected < 0.01). Second, the frequencies of GBOs induced
by heat, electrical and chemical stimulations were significantly higher
than that induced by mechanical stimulation (heat vs. mechanical:
Pcorrected < 0.01; electrical/chemical vs. mechanical: peorrected < 0.05). In
addition, the GBO frequency induced by heat stimulation was margin-
ally significantly higher than that induced by cold stimulation (Pcorrected
= 0.060) (Fig. 5j).

In patients, there was only one study for each of the three stimulation
types (i.e., heat, cold, and mechanical stimulations, each k = 1).
Therefore, the stimulation type effect was only evaluated based on the
laser and electrical stimulations. No significant difference in GBO fre-
quency (p = 0.533) was identified between laser (69.91 + 4.90 Hz, 95%
CI = [60.30, 79.51], k=11) and electrical stimulations (77.15
+ 10.52 Hz, 95% CI = [56.52, 97.78], k = 3) (Fig. 5k).

Overall, stimulation types have a significant effect on GBO fre-
quency. Laser, electrical, heat, and chemical stimulations induce GBOs
with a higher frequency than cold and mechanical stimulations do.
Notably, laser stimulation elicits significantly higher GBO frequency
than electrical stimulation in healthy individuals but not in patients.

3.3. Spatial characteristics of GBOs in human studies

Based on 43 human studies (participant N = 1331, 57 experiments,
111 foci), ALE yielded the following thirteen foci related to GBO
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Fig. 5. The comparisons of GBO frequency. Whereas no participant group effect on GBO frequency was observed (a-e), GBO frequency tended to be higher for phasic
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responses (sorted by the ALE-value): Cz (ALE = 0.215), FCz (ALE =
0.090), Fz (ALE = 0.083), C2 (ALE = 0.067), C4 (ALE = 0.065), C3 (ALE
= 0.064), AF3 (ALE = 0.047), AF4 (ALE = 0.032), FP2 (ALE = 0.027),
FC1 (ALE = 0.026), FC2 (ALE = 0.025), FP1 (ALE = 0.019), and F3 (ALE
= 0.018).

3.3.1. Pain type effect
In healthy participants, GBOs elicited by phasic pain (N = 926, 35
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experiments, 58 foci) were mainly located at seven central-frontally
distributed foci: Cz (ALE = 0.167), FCz (ALE = 0.074), C2 (ALE =
0.051), C4 (ALE = 0.048), Fz (ALE = 0.035), F1 (ALE = 0.009), and C3
(ALE = 0.034) (Fig. 6a). In contrast, five frontally distributed foci was
identified based on studies of GBOs elicited by tonic pain (N = 298, 10
experiments, 28 foci): AF3 (ALE = 0.040), FP1 (ALE = 0.010), Fz (ALE =
0.041), AF4 (ALE = 0.032), and FP2 (ALE = 0.010) (Fig. 6a). In patients,
GBOs elicited by phasic pain (N =157, 9 experiments, 19 foci) were

Pain type effect

N\ Fig. 6. Spatial distributions of GBOs in
different subgroups. GBOs elicited by phasic
pain were more centrally distributed, while
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mainly located at three central electrodes: Cz (ALE = 0.041), C2 (ALE =
0.016), and C3 (ALE = 0.030) (Fig. 6b). No convergent ALE results were
identified based on two studies with chronic pain patients (the two
studies provided only three candidate electrodes, i.e., Fz, F7, and FP2)
(Fig. 6b). No ALE analysis was conducted for tonic pain since there was
only one patient study (providing three electrodes, i.e., T8, AF3, and
FC6). Although limited by small sample sizes, these results indicate that
phasic and tonic pain induce different activation patterns of GBOs in
healthy individuals and patients, and there is no clear evidence for and
against different spatial characteristics of GBOs for tonic pain and
chronic pain in patients.

3.3.2. Stimulation type effect

In healthy participants, GBOs elicited by laser stimulation (N = 550,
21 experiments, 35 foci) appeared at four central electrodes: Cz (ALE =
0.107), FCz (ALE = 0.066), C2 (ALE = 0.051), and C4 (ALE = 0.027)
(Fig. 5¢). GBOs elicited by electrical stimulation (N = 331, 12 experi-
ments, 20 foci) were distributed at three centro-frontal foci: Cz (ALE =
0.059), Fz (ALE = 0.027), and F1 (ALE = 0.008) (Fig. 6¢). For me-
chanical stimulation (N = 45, 2 experiments, 3 foci), no significant ALE
results were found, although two original studies provided three distinct
peak electrodes of GBOs: Cz, P3, and P4 (Fig. 6¢). Taken together, these
results show that different types of transient stimulation consistently
elicit GBOs around Cz in healthy individuals, suggesting a sensorimotor
origin of GBOs associated with phasic pain.

3.3.3. Stimulation side effect

For studies with left-side pain stimulation (N = 426, 16 experiments,
29 foci), GBOs were distributed at central electrodes with some exten-
sion to the right hemisphere: Cz (ALE = 0.076), FCz (ALE = 0.050), C2
(ALE = 0.035), and C4 (ALE = 0.030) (Fig. 6d). For studies with right-
side pain stimulation (N = 271, 12 experiments, 20 foci), GBOs were
more centrally distributed: Cz (ALE = 0.056), FCz (ALE = 0.024), and C2
(ALE = 0.017) (Fig. 6d). Moreover, for studies with bilateral stimula-
tions (N =229, 7 experiments, 9 foci), significant GBOs were only
identified at Cz (ALE = 0.045) (Fig. 6d). These results indicate that the
spatial distribution of GBOs is partially lateralized, which may be
explained by three possible reasons, i.e., (1) the bias in the hypothese-
driven approach in electrode selection, (2) the low signal-to-noise
ratio of GBOs (Ray and Maunsell, 2015), and (3) the strong emotional
process of the right brain hemisphere (Borod et al., 1998; Duerden and
Albanese, 2013).

Neuroscience and Biobehavioral Reviews 146 (2023) 105062

3.4. Temporal characteristics of GBOs elicited by phasic pain in human
studies

In total, 29 phasic pain studies reported the latency range of GBOs
(participant N = 771, 35 experiments). The mean of GBO latency range
was 220.09 ms (standard error = 8.71 ms, 95% CI = [203.02, 237.16]).
These studies exhibited low heterogeneity (Q = 49.89, df = 34, p < 0.05;
P = 31.86) (Fig. S5). As for the Begg and Mazumdar rank test, the
Kendall’s S statistic (P-Q) was — 18.00 (Kendall’s corrected tau = —0.03,
z for the tau = 0.24, two-tailed p = 0.81). Additionally, there could be
seven missing studies indicated by Duval and Tweedie’s trim and fill
test. The adjusted mean with the missing studies included was
205.74 ms (standard error = 9.47 ms, 95% CI = [187.17, 224.31], Q =
81.04). As a result, there was no obvious evidence of publication bias
(see Fig. 3c for the funnel plot).

3.4.1. Participant group effect

The mean latency of GBOs was not significantly different (Q =1.721,
p = 0.190) between healthy participants (226.51 + 10.65 ms, 95% CI =
[205.63, 247.39], k = 27) and patients (203.44 + 13.99 ms, 95% CI =
[176.01, 230.87], k = 8) (Fig. 7a). In studies with laser stimulation, no
significant differences of GBO mean latency were found (Q = 2.873,
p = 0.090) between healthy participants(238.37 + 12.46 ms, 95% CI =
[213.94, 262.80], k = 19) and patients (203.92 + 16.05 ms, 95% CI =
[172.47,235.38], k = 7) (Fig. 7b). There were eight studies with healthy
participants that used electrical stimulation (181.04 + 20.23 ms, 95%
CI = [141.39, 220.68], k =8) but only one with patients (200
+ 43.37 ms, 95% CI = [115.01, 284.99], k = 1). Therefore, we did not
assess the participant group effect in studies with electrical stimulation.
These results show that the temporal characteristics of GBOs are un-
likely to be affected by the participant group.

3.4.2. Stimulation type effect

Across participant groups, the mean latency of GBOs was signifi-
cantly later (Q = 4.337, p =0.037) for laser stimulation (228.06
+ 10.15 ms, 95% CI = [208.17, 247.96], k = 26) than electrical stim-
ulation (184.43 +18.33 ms, 95% CI [148.50, 220.35], k=19)
(Fig. 7c). This observation was replicated when only studies with
healthy participants were considered: Compared to laser stimulation
(238.37 + 12.46 ms, 95% CI = [213.94, 262.80], k = 19), the mean
latency of GBOs induced by electrical stimulation (181.04 + 20.23 ms,
95% CI = [141.39, 220.68], k = 8) was significantly earlier (Q = 5.823,

- N
Participant group effect Stimulation type effect
a All pain b Laser stimulation c HP & PS d HP
400 1 —= 400 4 —= 400 * 400 97—
® 300 - @ 300 - @ 300 @ 300 A
£ o £ o £ E
T 200 - T 200 - ? & 200 A & 200 -
C C C C
g : 2 8 2 2
© 100 - © 100 - © 100 T 100
0 - r 1 0 - r 1 0 I . R 0 I N R
HP PSS HP PS Las. Ele. Las. Ele.
k=27 k=8 k=19 k=7 k=26 k=9 k=19 k=38
N\ J
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p =0.016) (Fig. 7d). There were six studies in patients with laser stim-
ulation (203.92 + 16.05 ms, 95% CI = [172.47, 235.38], k = 7) but
only one with electrical stimulation (200 + 43.37 ms, 95% CI =
[115.01, 284.99], k = 1). Therefore, the stimulation type effect on
GBOs’ temporal characteristics was not assessed for studies with
patients.

3.5. Narrative description of the proposed functions of GBOs

Several distinct functions of human GBOs were proposed in previous
studies. These proposed functions mainly consist of seven categories,
namely, pain perception (n = 31), pain attention (n = 10), general
sensory processing (n=2), multidimensional processing of pain
(n = 12), motor responses (n = 4), pain relief (n = 5), and pathophysi-
ology of chronic pain (n = 10). Crucially, different functions were pro-
posed for GBOs induced by different types of pain (Fig. 8, Table S8).
Among studies recruiting healthy participants and using phasic pain
(n =31), the majority (55.8%) interpreted pain-related GBOs as
reflecting pain perception, followed by smaller percentages of them
attributing pain attention (16.1%) and multidimensional processing of
pain (16.1%) to GBOs. Only a few studies claimed GBOs to represent
motor responses (6.5%), general sensory processing (3.2%), and pain
relief (3.2%). In tonic pain studies with healthy participants (n = 16),
less than half (43.8%) attributed pain perception to GBOs, while a
quarter (i.e., 25.0%) supported a multidimensional processing role of
GBOs. Motor responses (12.5%), pain attention (6.3%), sensory pro-
cessing (6.3%), and pain relief (6.3%) were less often attributed to tonic
pain-induced GBOs in healthy participants. Among patient studies using
phasic pain stimulation (n = 14), pain perception (42.9%) was also the
most frequent function proposed, followed by pain attention (28.6%),
pathophysiology of chronic pain (14.3%), and multidimensional pro-
cessing of pain (14.3%). On the other hand, the three studies using tonic
pain stimulation attributed pain perception (33.3%), the pathophysi-
ology of chronic pain (33.3%), and multidimensional processing of pain
(33.3%) to GBOs. In studies focusing on chronic pain of patients
(n = 10), the assumed functions of GBOs were the pathophysiology of
chronic pain (70.0%) and pain relief (30.0%). In summary, phasic pain-
induced GBOs were more likely to be associated with pain perception;
tonic pain-induced GBOs were more related to multidimensional pro-
cessing of pain compared with phasic pain-induced GBOs; and chronic
pain-induced GBOs were more frequently claimed to reflect the patho-
physiology of chronic pain.
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3.6. Frequential characteristics of GBOs in rodent studies

Based on the overall 17 rodent studies (22 experiments), the mean
frequency of GBOs was 66.41 Hz (standard error = 4.71 Hz, 95% CI =
[57.18, 75.64]1, p < 0.001). Nevertheless, the high heterogeneity of
these studies could be a concerning issue (Q = 164.13, df = 21,
p < 0.001; P =87.21) (Fig. S6). Kendall’s S statistic (P-Q) of the Begg
and Mazumdar rank test was — 33.00 (Kendall’s corrected tau = —0.14,
z for the tau = 0.90, two-tailed p = 0.37). Duval and Tweedie’s trim and
fill test suggested one missing study. If the meta-analysis was re-
conducted with the missing study, the frequency of GBOs would in-
crease to 68.10 Hz (95% CI = [57.48, 78.72], Q = 281.02). There was no
noticeable evidence of publication bias based on the results of the Begg
and Mazumdar rank test (p > 0.05; see Fig. 3d for the funnel plot).

3.6.1. Animal type effect

The frequency of GBOs was not significantly different between rats
and mice (Q = 2.264, p = 0.132), although mice (78.52 + 8.22, 95% CI
= [62.42, 94.62], k = 4) tended to have a higher GBO frequency than
rats (rats: 64.01 + 5.05, 95% CI = [54.12, 73.91], k = 18) (Fig. 9a).

3.6.2. Pain type effect

For phasic and tonic pain, significant group differences of GBO fre-
quency were identified in rats (Q = 36.263, p < 0.001; phasic pain:
69.66 + 3.52, 95% CI = [62.77, 76.56], k = 14; tonic pain: 39.15
+ 3.65, 95% CI = [32.00, 46.29], k = 3) (Fig. 9b). This effect is remi-
niscent of the pain type effect on GBO frequency in human studies. The
only one study of chronic pain with rodents were excluded from the
relevant meta-group comparisons (64.50 + 16.19, 95% CI = [32.78,
96.22], k =1).

3.6.3. Stimulation type effect

A significant main effect was observed (Q = 44.573, df = 3,
p < 0.001) for the stimulation type in rats: laser (69.25 + 4.62, 95% CI
= [60.20, 78.31], k = 9), electrical (62.31 &+ 11.00, 95% CI = [40.74,
83.871, k = 2), mechanical (75.45 + 5.05, 95% CI = [65.54, 85.35],
k =4), and chemical stimulations (39.15 &+ 3.65, 95% CI = [32.00,
46.29], k = 3). Post hoc comparisons showed that the frequency of GBOs
induced by chemical stimulation was significantly lower than both laser
and mechanical stimulations (both p¢orrected < 0.001) (Fig. 9c¢).

Pain perception

Pain attention

General sensory processing

Multidimensional processing of pain

Motor responses

Pain relief

Pathophysiology of chronic pain

Functions Pain types

Chronic pain

Proposed functions of GBOs

Phasic pain

Fig. 8. Proposed functions of human GBOs. The
proposed functions of GBOs in human studies
are described using the Sankey plot, in which
the functions, pain types, and participant
groups are displayed from left to right. Different
columns of categorization and branches be-
tween different layers represent proportions.
GBOs induced by phasic pain were more likely
to reflect pain perception (55.8%). In contrast,
GBOs elicited by tonic pain were more likely to
reflect multidimensional processing of pain in
addition to pain perception. For patients, GBOs
induced by chronic pain were more frequently
claimed to reflect the pathophysiology of
chronic pain (70%).

Healthy participants

Patients

Participant groups
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Fig. 9. The comparisons of rodent GBO frequency. No significant differences in GBO frequency were observed between rats and mice (a). However, the GBO fre-
quency was significantly modulated by pain type (b) and stimulation type (c). The white circles indicate single studies, the labels for the x-axis include the number of
studies in each condition, and the titles of the subplots indicate the category of studies included in the comparisons. Las. = Laser stimulation, Ele. = Electrical
stimulation, Mec. = Mechanical stimulation, Che. = Chemical stimulation. * ** , p.orrectea < 0.001; 1S, Peorrected > 0.1.

3.7. A systematic review of rodent studies

Whereas all 18 rodent studies reported the frequency range of GBOs,
only four studies reported the time characteristics of GBOs: mean la-
tency = 151 ms (Hu and Iannetti, 2019), latency range = 119 ~ 313 ms
(Peng et al., 2018), latency range = 100 ~ 250 ms (Yue et al., 2020),
and latency range = 200 ~ 1000 ms (Wang et al., 2011). Most studies
reported that the magnitude of GBOs increased with the physical in-
tensity of nociceptive inputs (n = 14). In particular, a study on elec-
trocorticography (ECoG) recorded in rats reported a strong correlation
between pain behavioral scores and GBOs (between-subjects: mean
r = 0.74; within-subjects: mean r = 0.46) (Peng et al., 2018). However,
another four studies reported inconsistent results of their relationship
(n = 4) (Table S6). Specifically, by recording the field potential from the
medial frontal cortex (mPFC), one study reported that GBO magnitude
was decreased by noxious electrical stimulation, and there were no
significant changes in GBOs following noxious mechanical and chemical
stimulations (Li et al., 2016a). Another study with the same recording
area showed decreased GBO magnitude following mechanical stimula-
tion and a complex pattern of GBO magnitude changes (first increase,
then decrease) in nerve injury-induced chronic neuropathic pain (Fu
et al., 2018). The remaining two studies recorded the electrophysio-
logical signals from the anterior cingulate cortex (ACC) and primary
somatosensory cortex (S1), respectively, and both studies reported
decreased GBO magnitude following tonic pain induced by chemical
stimulation (Ponsel et al., 2020; Shi et al., 2020) (Table S6).

4. Discussion

We conducted two sets of systematic reviews and meta-analyses to
characterize the temporal, frequential, and spatial characteristics of
GBOs and summarize the functional significance of GBOs. These ana-
lyses yielded six major findings: (1) GBO magnitudes significantly
correlated with pain intensity in healthy participants, regardless of the
pain type. (2) GBO frequency varied significantly with different pain
types, and phasic pain tended to induce higher GBO frequency than
tonic and chronic pain. (3) Whereas GBOs induced by phasic pain were
more centrally distributed, suggesting a sensorimotor origin, GBOs
induced by tonic and chronic pain were more frontally distributed over
the prefrontal cortex. (4) The latency of GBOs induced by phasic pain
was significantly modulated by stimulation types: electrical stimulation
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induced an earlier GBOs than laser stimulation. (5) Some characteristics
and functions of GBOs (e.g., frequential characteristics and correlations
with pain intensity) seemed to be phylogenetically conserved across
humans and rodents. (6) Previous studies proposed seven major func-
tions of GBOs, the pattern of which differed among different pain types.
Altogether, these results provide a comprehensive characterization of
the heterogeneous GBOs in pain and nociception and deepen our un-
derstanding of the sources of GBO heterogeneity.

4.1. The heterogeneity of GBOs associated with pain and nociception

Although rarely discussed explicitly, a considerable amount of GBO
heterogeneity can be observed in previous studies (Table S1). Due to
such heterogeneity, it is difficult to ascertain what GBOs really repre-
sent, which may lead to conceptual confusion and uneffective clinical
applications. For example, some studies suggest that GBOs could selec-
tively encode subjective pain experience (Gross et al., 2007; Michail
et al., 2016; Schulz et al., 2015, 2011; Zhang et al., 2012), but others
suggest otherwise (Hauck et al., 2007; Northon et al., 2021a; Rossiter
et al., 2013; Tiemann et al., 2015, 2010). One simple explanation could
be that they are talking about different GBOs; thus, no real disagree-
ments exist. To avoid conceptual confusion and promote potential
clinical applications, it is imperative to examine the heterogeneity of
GBOs in a systematic and unbiased way.

Following the standard steps of preregistered systematic reviews and
meta-analyses, we summarized the existent studies on pain-related
GBOs and examined the effect of participant groups, pain types, stimu-
lation types, and species on the characteristics of GBOs. These efforts
revealed the sources of heterogeneity of pain-related GBOs. First, phasic
pain elicited GBOs with a higher frequency than tonic pain in both
human and animal studies. Second, GBOs elicited by phasic pain were
more centrally distributed in human studies than those elicited by tonic
pain and chronic pain, which had a more frontal scalp distribution.
Third, the proposed functions of GBOs elicited by different pain types
were quite different: GBOs elicited by phasic, tonic, and chronic pain are
more likely to be associated with pain perception, multidimensional
processing of pain, and the pathophysiology of chronic pain, respec-
tively. These findings provide empirical evidence that phasic pain-
induced GBOs may be a distinct electrophysiological entity from GBOs
elicited by tonic pain and chronic pain. This conclusion is consistent
with the experiential differences between phasic and tonic/chronic pain.
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Phasic pain is transient, lasting a few seconds at best; tonic pain is more
enduring, lasting up to several minutes or even longer; chronic pain is
long-lasting for a few months or years (Ploner et al., 2017). Phasic pain
is more likely to reflect the nociceptive information processing of the
nociceptive system, while tonic pain and chronic pain are more associ-
ated with the emotional information processing of pain (Hashmi et al.,
2013; May et al., 2019; Ploner et al., 2017; Schulz et al., 2015). This
functional difference is also supported by distinct neural sources of
GBOs: the sensorimotor cortex for phasic pain and the prefrontal cortex
for tonic pain (Schulz et al., 2015) and chronic pain (May et al., 2019).

It should be noted that GBOs induced by tonic pain and chronic pain
had similar frequential and spatial characteristics in human studies,
although they were proposed to have different functions. Therefore, it
would be difficult to conclude that GBOs induced by tonic and chronic
pain are distinct entities based on the current evidence, which supports
the notion that tonic pain is a better model for chronic pain than phasic
pain from this point of view (Ploner et al., 2017).

Moreover, GBOs elicited by phasic pain of different stimulation types
(e.g., laser, electrical, mechanical stimuli) also exhibited distinct fre-
quential characteristics. For instance, GBO frequency induced by laser
stimulation was significantly higher than cold and mechanical stimu-
lations in humans and chemical stimulation in rodents. Nevertheless,
inconsistent results of frequency differences were observed across spe-
cies (i.e., humans and rodents), which may be due to the unequal
number of studies adopting each type of stimulation and the limited
number of rodent studies. With all the present evidence, dividing phasic
pain-induced GBOs into further subtypes seems necessary, but more
studies are needed in the future to test this hypothesis.

Taken together, our systematic reviews and meta-analyses support
the separation of phasic pain-induced GBOs from those induced by tonic
pain and chronic pain. Meanwhile, tonic pain-induced GBOs phenome-
nologically resemble chronic pain-induced GBOs, although they may
have different functions. The general term of “pain-related GBOs”
should thus be used with care to avoid conceptual misunderstandings.
Caution should also be taken when directly comparing studies with
different pain types (i.e., phasic, tonic, and chronic pains) and studies
with phasic pain elicited by different stimulation types (e.g., laser,
electrical, and chemical stimulations).

4.2. Participant group difference in the correlation between pain intensity
and GBO magnitude

The meta-analysis results suggested that the correlation between
pain intensity and GBO magnitude in healthy participants is larger than
in patients, especially for phasic pain induced by laser stimulation. This
discrepancy could be explained by three factors at least. First, chronic
pain patients are in a pathological state, which may interfere the gen-
eration of GBOs and thus disrupt the relationship between GBOs and
pain perception (Bassez et al., 2020; Kuner and Kuner, 2021; Ye et al.,
2019). Second, the considerable variability of chronic pain pathology
may result in inconsistent correlation results in previous patient studies,
e.g., a high correlation of 0.7 in post-herpetic neuralgia patients (Zhou
et al.,, 2018) and no correlation of 0.09 in migraine patients (Bassez
et al., 2020) (see Table S2). Third, the available study numbers were
uneven between the two groups (kneqith=26 VS. kpaienrs=4), leading to
poor statistical power of the patient studies.

4.3. Stimulation type difference in the latency of phasic pain-induced
GBOs

For phasic pain, we found a significant stimulation type effect on the
temporal characteristics of GBOs, with electrical stimulation inducing
earlier GBOs than laser stimulation, a finding that could be explained by
different peripheral neural transduction mechanisms (Abraira and
Ginty, 2013; Hird et al., 2018; Iannetti et al., 2004). Specifically, elec-
trical stimulation unavoidably activates non-nociceptive Af fibers
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conveying vibrotactile sensations. Because of their large diameter, Ap
fibers have a faster transduction velocity and a lower electrical imped-
ance, and thus a lower electrical activation threshold than
small-myelinated A8 and unmyelinated C fibers (Abraira and Ginty,
2013). It would thus be expected that electrical stimulation induces
earlier GBOs than laser stimulation. Importantly, even if electrical
stimulation of higher intensity can also activate AS and C fibers, these
nociceptive afferents are never activated by electrical stimulation in a
selective fashion. When a nociceptive stimulus is not selective and
coactivates Ap afferents, it becomes very difficult to determine whether
the elicited brain responses (including GBOs) are triggered by the
nociceptive input or by the concomitant non-nociceptive input. The
neurophysiological investigation of the nociceptive system requires the
use of stimuli that selectively activate cutaneous Ad- and C-fibers,
without concomitant activations of large myelinated A fibers (Cruccu
et al., 2008). Such selective activation of nociceptive fibers can be
optimally achieved using laser radiant heat pulses, a stimulation tech-
nique widely used to investigate the peripheral and central processing of
nociceptive input in healthy participants and patients (lannetti et al.,
2003; Treede et al., 2003). For these reasons, GBOs elicited by different
stimulation types may represent distinct entities, and caution should be
taken when investigating the functional significance of pain-related
GBOs not using pain selective stimulation.

4.4. Phylogenetically conserved GBO characteristics across humans and
rodents

Brain oscillations, including GBOs, have been remarkably preserved
in evolution among different species (Buzsaki et al., 2013). Indeed, our
meta-analyses showed similar GBO characteristics between humans and
rodents. First, the frequency of GBOs induced by phasic pain was higher
than that induced by tonic pain in both humans (Fig. 4i) and rodents
(Fig. 8b). Second, strong correlations were observed between GBO
magnitude and subjective pain intensity in humans (Fig. 3) and between
GBO magnitude and pain behavioral scores in rodents (see the system-
atic review of rodent studies). Note that these correlations were evident
both within and across individuals (Hu and lannetti, 2019; Peng et al.,
2018). Third, the neural sources of pain-related GBOs could be the same
for both humans and rodents, at least for phasic pain. For instance, our
recent rodent paper showed that GBOs reflect neural activity in the
primary somatosensory cortex contralateral to the stimulation side (Yue
et al., 2020), a finding in line with a series of previous human GBO
studies (Gross et al., 2007; Hauck et al., 2015; Schulz et al., 2015; Tie-
mann et al., 2010, 2012; Zhang et al., 2012). Altogether, the charac-
teristics and functions of GBOs, especially for those elicited by phasic
pain, are probably phylogenetically conserved, at least across humans
and rodents. The finding of this shared neural response is important as it
could make translational pain research between humans and rodents
more effective (Mao, 2012; Tan et al., 2021).

4.5. Neuronal basis of pain-related GBOs

GBOs (30~100 Hz) exist in a wide range of brain structures and are
supposedly driven by GABAergic interneurons with local and long-range
projections (Buzsaki and Wang, 2012; Cardin, 2018; Melzer and Mon-
yer, 2020). Among all interneurons, fast-spiking parvalbumin (PV)-ex-
pressing interneurons and somatostatin (SOM)-expressing interneurons
are the main types of neurons driving GBOs (Antonoudiou et al., 2020;
Hu et al., 2014). Our recent study showed that pain-related GBOs reflect
neural activity coupled with the spike firing of interneurons in the su-
perficial layers of the S1 contralateral to the stimulation side (Yue et al.,
2020). Furthermore, inducing GBOs via optogenetic activation of
PV-expressing interneurons in the S1 of mice could enhance nociceptive
sensitivity and induce aversive avoidance behavior (Tan et al., 2019).
Together with others, these studies suggest that fast-spiking PV-ex-
pressing interneurons are the main neuronal basis of pain-related GBOs.
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However, due to the limited number of studies in this research direction
at the current stage, more investigations, especially those performed on
different pain types, should be carried out to further reveal the detailed
neuronal basis of pain-related GBOs in the future.

4.6. Limitations and future directions

There are several limitations in the present study. First, the number
of studies included was limited, especially for patient studies and rodent
studies. This limitation restricted the statistical power of our analyses
and made certain analyses inappropriate or even impossible. For
instance, the results obtained from the few patient studies in the meta-
analyses yielded weak evidence to support some of our statements.
New meta-analyses including more studies are required to provide more
solid evidence in the future. Second, the potential heterogeneity, pub-
lication bias, and other types of biases were unlikely to be entirely
controlled by the current meta-analysis procedure. Therefore, the nature
of the GBOs waits to be confirmed by future researchers based on more
publications on this topic. Third, due to the low signal-to-noise ratio of
GBO signals, many studies adopted hypothesis-driven strategies to
define the temporal, frequential, and spatial ranges of GBOs, which may
not accurately reflect the actual characteristics of GBOs. This bias also
potentially affected our meta-analyses which built on these original
empirical studies. Advanced data analysis methods with standard pro-
cedures are needed to improve the signal-to-noise ratio of GBOs and
more accurately define the temporal, frequential, and spatial ranges of
GBOs in future studies. Fourth, in addition to the factors that have been
investigated in this study, there are many other factors associated with
GBO characteristics (e.g., attention and anticipation). Due to the limited
number of available studies, this meta-analysis did not investigate the
above characteristics. Future systematic reviews and meta-analyses are
required to provide a more comprehensive description of the nature of
GBOs if more relevant studies are available.
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