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A B S T R A C T   

The periventricular/periaqueductal gray (PAG/PVG) is critical for pain perception and is associated with the 
emotional feelings caused by pain. However, the electrophysiological characteristics of the PAG/PVG have been 
little investigated in humans with chronic pain. The present study analyzed the oscillatory characteristics of local 
field potentials (LFPs) in the PAG/PVG of eighteen neuropathic pain patients. Power spectrum analysis and 
neural state analysis were applied to the PAG/PVG LFPs. Neural state analysis is based on a dynamic neural state 
identification approach and discriminates the LFPs into different neural states, including a single neural state 
based on one oscillation and a combinational neural state based on two paired oscillations. The durations and 
occurrence rates were used to quantify the dynamic features of the neural state. The results show that the 
combined neural state forms three local networks based on neural oscillations that are responsible for the 
perceptive, sensory, and affective components of pain. The first network is formed by the interaction of the delta 
oscillation with other oscillations and is responsible for the coding of pain perception. The second network is 
responsible for the coding of sensory pain information, uses high gamma as the main node, and is widely con
nected with other neural oscillations. The third network is responsible for the coding of affective pain infor
mation, and beta oscillations play an important role in it. This study suggested that the combination of two 
neural oscillations in the PAG/PVG is essential for encoding perceptive, sensory, and affective measures of pain.   

1. Introduction 

Chronic pain is a complex multidimensional experience encom
passing sensory, affective, and cognitive components, all of which 
interact and contribute to the final response of an individual who is 
subjected to pain (Auvray, et al., 2010). These multidimensional com
ponents of pain experiences are encoded by distributed brain networks. 
Numerous human neuroimaging studies have suggested that a large set 

of brain regions, such as the primary sensory cortex (S1), anterior 
cingulate cortex, orbitofrontal cortex, anterolateral prefrontal areas, 
insula, thalamus, amygdala, and brainstem, play important roles in pain 
processing and modulation (Borsook, et al., 2010; Davis, et al., 2017). 

The periaqueductal gray (PAG) is an anatomic and functional 
interface between the forebrain and the lower brainstem. It has been 
implicated in multiple cognitive and physiological processes, including 
pain perception and sensory and emotion information coding 
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pain questionnaire. 
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(Behbehani, 1995; Green and Paterson, 2020; Krout and Loewy, 2000). 
It has been found that stimulation of the PAG produces the sensation of 
burning pain and fear (Nashold, et al., 1969), and lesions of the 
ventrolateral area of the PAG in cats significantly attenuated the 
perception of pain (Melzack, et al., 1958). Moreover, the PAG receives 
afferents from nociceptive neurons in the spinal cord and has also been 
found to be associated with pain transmission (Keay, et al., 1997). More 
direct evidence of the involvement of the PAG in pain processing in 
humans comes from the fact that stimulation of the PAG has therapeutic 
effects for treating neuropathic pain (Boccard, et al., 2013; Gray, et al., 
2014). These findings seem contradictory to some extent, i.e. the PAG 
could be involved in pain sensitization/induction as its inhibition/lesion 
reduces pain, and it yet also inhibits pain by endogenous pain inhibition. 
There might be microcircuitries within the PAG, which lead to complex 
coding and modulating of the pain processing. Therefore, the role of the 
PAG in different components in chronic pain, including pain perception, 
sensory, and affective pain, still needs more elaboration. 

The neural decoding of different pain components in the PAG could 
be critical for revealing pain processing mechanisms in the brain 
(Neumann, et al., 2019; Shirvalkar, et al., 2018). This might also shed 
light on how to modulate the PAG in the treatment of chronic pain. It has 
been suggested that pain information can be coded with a single neural 
oscillation and with the integration of multiple neural oscillations with 
different frequencies in the brain (Ploner, et al., 2017). In addition, it has 
become apparent that brain states dynamically fluctuate among 
different perceptual, cognitive, and emotional processes. Our previous 
study in humans showed that in deep brain areas (such as the sensory 
thalamus), different neural oscillations are integrated, resulting in two 
distinct oscillatory networks responsible for pain perception and pain 
modulation by a dynamic neural state identification approach (Luo, 
et al., 2018; 2019). In this study, we utilized the unique opportunity 
offered by deep brain stimulation (DBS) surgery targeting the PAG/PVG 
as a clinical treatment for neuropathic pain. The resting local field po
tentials (LFPs) were measured from the PAG area using electrodes 
implanted for DBS in patients. This study aimed to decode the neural 
representations of the perceptive, sensory, and affective characteristics 
of neuropathic pain in PAG/PVG neural activity. The dynamic neural 
state in the PAG/PVG was characterized by previously developed dy
namic neural state analysis (Luo, et al., 2018). The correlations between 

measures of neural states and three pain dimensions (perception, 
sensation, and affect) were investigated. Finally, a linear regression 
model was used to predict pain scores from the three dimensions based 
on the neural state of LFPs. The results aim to disentangle the involve
ment of PAG/PVG oscillatory networks in coding different dimensions of 
neuropathic pain. 

2. Material and methods 

2.1. Participants 

Eighteen neuropathic pain patients (age: 47.9 ± 10.4 years, mean ±
SD) were recruited for this study. All patients underwent DBS surgery at 
the John Radcliffe Hospital, Oxford, UK. The detailed procedures of DBS 
surgery, including targeting and DBS electrode (quadripolar macro
electrode, Model 3387, Medtronic, Minneapolis, MN, USA) implanta
tion, have been reported in previous work (Green, et al., 2009; Pereira, 
et al., 2013; Wu, et al., 2014). After surgery, the localization of DBS 
electrodes was confirmed by postoperative MRI. An example of the 
reconstructed location of the DBS electrode of a patient is shown in 
Fig. 1A. All patients signed an informed written consent form, and this 
study was carried out in accordance with the Declaration of Helsinki and 
received approval from the Oxford Research Ethics Committee B (proj
ect number: 13SC0298). 

2.2. Clinical measures 

Quantitative assessments of pain and health-related quality of life 
were performed before DBS surgery. Both the visual analog scale (VAS, 
0–10) (Huskisson, 1974) and the McGill pain questionnaire (MPQ) 
(Melzack, 1975) were used. The VAS had anchors of “no pain” (0) and 
“the worst pain you can imagine” (10). Since the pain intensity strongly 
fluctuated, the patients recorded the VAS rating twice daily in a pain 
diary for 7 days. There were 14 VAS scores reviewed for each patient to 
ensure appropriately completed records, and the mean value was then 
calculated and considered the preoperative pain perception. The MPQ 
provided additional quantitative information in the domains of “sen
sory,” “affective”, “evaluative”, and “miscellaneous” pain severity. 
There were ten questions to assess the sensory domain for sensory pain, 

Fig. 1. LFPs recorded from the PAG/PVG and a brief procedure for neural state calculation. The electrodes of patient No. 3 were visualized in 3-D using the lead-DBS 
toolbox (A). Single neural states and combinational neural states were identified by the dynamic neural state identification (DNSI) approach (B-F). R_PAG: right PAG, 
R_ST: right sensory thalamus. The superscript numbers indicate the activity state of neural oscillations; “0′′ represents the desynchronization state, while “1” rep
resents the synchronization state. 
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including pain location, duration, and properties, and five questions to 
assess the affective domain of pain. 

Three dimensions of pain-related scores were used in this study: pain 
perception was assessed by the VAS score, and pain sensation and pain 
affective dimension were assessed by the total score of the sensor part 
and the total score of the affective part in the MPQ questionnaire, 
respectively. 

2.3. Local field potential recording and preprocessing 

PAG/PVG local field potentials (LFPs) were recorded through elec
trode extension cables 3–5 days after electrode implantation. The 
experiment was carried out after at least 12 h medication off. Moreover, 
the experiment was carried out after 12 h of DBS was turned off if pa
tients had brief DBS for clinical test. PAG/PVG LFP recordings were 
performed at rest from adjacent pairs (01, 12, 23) with a common 
electrode placed on the surface of the mastoid. The LFPs were amplified 
(×10,000; CED 1902 amplifier, Cambridge Electronic Design, Cam
bridge, UK), filtered with a 0.5–500 Hz bandpass filter, and recorded at a 
sampling rate of 2000 Hz (CED 1401 Mark II, Cambridge Electronic 
Design, UK). From each electrode, only the LFPs recorded from the 
contacts used for postoperative chronic stimulation were selected. Pa
tient No. 14 underwent bilateral PAG/PVG implantation, but only the 
left side of the PAG/PVG LFP was chosen since the pain intensity was 
more severe on the right side. Hence, LFP recordings from 18 PAGs were 
chosen for analysis. 

The selected LFPs were preprocessed with a low-pass filter at 90 Hz, 
an adaptive notch filter to remove 50 Hz line noise, and a high-pass filter 
at 2 Hz to eliminate baseline shifting. Finally, all signals were down
sampled to 500 Hz. A continuous 50-second sample was selected from 
total 3–5 min recordings for further analysis. These 50-second segments 
were free of artifacts. 

2.4. Dynamic neural state analysis 

It has been proven that the high level of oscillations in LFPs is the 
product of synchronized subthreshold activity across large populations 
of local neuronal elements (Hammond, et al., 2007). Therefore, real- 
time detection of changes in the activity level of neural oscillations 
can reflect the dynamic activities of the synchronization and desynch
ronization of the neuron population (Buzsaki and Draguhn, 2004; 
Sakurai, 1999). The dynamic neural state identification (DNSI) 
approach we previously established is a method that can reliably detect 
the dynamic level of neural oscillation activity (Luo, et al., 2018). The 
DNSI divides the activity level of neural oscillation into a synchroniza
tion state and a desynchronization state, which correspond to neural 
oscillation states of high activity levels and low activity levels, 
respectively. 

As shown in Fig. 1B–C, through wavelet packet (WP) transform, the 
activity of neural oscillation is characterized by wavelet packet co
efficients (WPCs). The WPC not only reflects the activity level of neural 
oscillations but can also differentiate regular patterns in oscillations 
from random patterns (Donoho and Johnstone, 1994). Then, an adaptive 
threshold is used to discriminate neural oscillations into synchronization 
and desynchronization states and annotated as 1 or 0, respectively 
(Fig. 1D). Finally, if only one neural oscillation is selected to define the 
neural state of the LFPs, such as theta oscillation, there are two single 
neural states: θ1 and θ0 (Fig. 1E). If two neural oscillations are selected to 
define the neural states, such as theta and low-beta oscillations, there are 
four combinational neural states: lβ0θ0, lβ0θ1, lβ1θ0, and lβ1θ1 (Fig. 1F). 
The advantage of using the DNSI approach is that it uses the WP 
transform to improve the signal-to-noise ratio of the oscillations while 
highlighting patterned neural activity, and it uses adaptive thresholds to 
better capture the dynamic changes in neural activity (Luo, et al., 2018). 

To quantify the dynamic characteristics of the neural state, two 
measures, the duration and occurrence rate, are calculated. The duration 

is the average duration of occurrences of one neural state: 

Duration =

∑N
i=1ti

N
(1)  

where ti is the duration of the ith occurrence of one neural state and N is 
its total number of occurrences within a certain time. 

The occurrence rate of one neural state is the number of occurrences 
within one minute: 

Occurrence rate =
N

Ttotal
⋅60 (2)  

where Ttotal is the total time of the LFPs. 

2.5. Data analysis and statistics 

First, the power spectra of LFPs were calculated using the windowed 
fast Fourier transform with a 2-second sliding window with 1-second of 
overlap. To reduce the influence of between-subject variability, the 
power spectra were normalized by using a z-transformation within 2–90 
Hz. 

Second, the neural state of the PAG/PVG LFPs was defined by one 
oscillation or two oscillations by applying the DNSI approach. According 
to common neural oscillation frequency bands and pain electrophysio
logical research, the PAG/PVG LFPs were divided into seven frequency 
band oscillations for neural state analysis: delta (δ, 3–6 Hz), theta (θ, 
6–9 Hz), alpha (α, 9–12 Hz), low-beta (lβ, 12–24 Hz), high-beta (hβ, 
24–36 Hz), low-gamma (lγ, 36–60 Hz) and high-gamma (hγ, 60–90 Hz). 
Compared to our previous study (Luo, et al., 2019), the activity state of 
oscillation was slightly modified since a very short synchronization state 
may be induced by noise or identification error (Tinkhauser, et al., 
2017a; b). In this study, a synchronization state shorter than 2 periods of 
the center frequency of oscillation was corrected to the desynchroniza
tion state. Combinational neural states were defined based on each pair 
of the seven oscillations. Then, dynamic measures of the duration and 
occurrence rate of single or combinational neural states were calculated. 

Correlations between normalized power spectra and the VAS, sen
sory and affective scores were evaluated with the Pearson correlation 
test. The normalized power spectra were calculated every 0.5 Hz over 
2–90 Hz. The significance of a correlation was assessed with a conser
vative criterion that requires that three or more consecutive bins reach p 
< 0.01. Then, correlations between the duration and occurrence rate 
measures of the neural states and the perceptive, sensory, and affective 
pain scores were also evaluated by the Pearson correlation test. To 
compensate for the multiple comparisons between the measures of 
multiple neural states and pain scores, a false discovery rate (FDR) 
correction (Benjamini and Hochberg, 1995) was performed. All null 
hypotheses were rejected by a two-tailed alpha threshold of p value less 
than 0.05 (corrected with FDR). 

To predict pain scores, features that were significantly correlated 
with perceptive, sensory, and affective scores were integrated by prin
cipal component analysis (PCA). Then, a linear model was developed 
based on the critical components of the features, and the predicted value 
was limited by the range of pain scores. For example, the smallest pre
diction value was 0, and the highest was 10, since the range of the VAS 
score is from 0 to 10. The prediction models were further validated using 
a leave-one-out cross-validation approach. According to the leave-one- 
out approach, the data from each patient were selected as the test 
dataset, and the data from the other seventeen patients were used as the 
training dataset to build the model. The predictive performance of the 
model was evaluated in terms of prediction error between the predicted 
and actual pain scores as follows: 

Predictionerror =
|true_value-predicted_value|

Max-Min
∙100% (3) 

The prediction error was the percentage of the difference between 
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the true value and predicted value relative to the range of scores. The 
number of principal components used to build a linear model for pain 
score prediction was directly determined by the prediction error. First, 
all principal components were ranked by the variance in the pain score 
that they had accounted for. Second, we chose the first n principal 
components to build a prediction model (where 1<= n <= N and N is 
the total number of significant features). Finally, n was optimized by 
comparing the prediction error of the models. The optimal prediction 
model can be expressed as follows: 

V predict = a −
∑n

i=1
bi⋅xi (4) 

The predicted value was obtained from a linear model based on the 
first n principal components, where ‘a’ and ‘bi’ are the coefficients of the 
linear regression model. 

In this study, signal analysis was conducted using MATLAB (Version 
9.1, MathWorks, Inc., Natick, MA, USA), and statistical analyses were 
conducted using MATLAB and SPSS (Version 22, IBM, New York, NY, 
USA). 

3. Results 

Table 1 presents the demographic and clinical characteristics of each 
of the 18 patients (16 males and 2 females; age: 47.9 ± 10.4 years) 
enrolled in this study. Six patients were diagnosed with stroke pain, four 
were diagnosed with phantom limb pain, and the remaining eight pa
tients had other types of neuropathic pain. The pain perception assessed 
by the VAS score ranged from 4.8 to 10 (7.5 ± 1.6, mean ± SD). The total 
MPQ score ranged from 14 to 59 (35.1 ± 12.5, mean ± SD), with the 
sensory subitem ranging from 7 to 33 (19.7 ± 7.3, mean ± SD) and the 
emotion subitem ranging from 0 to 9 (4.9 ± 2.7, mean ± SD). The re
lationships among these three scores are illustrated in Table 2. There 
was no significant correlation between the VAS scores and the sensory 
score, the affective score, or the sum of the sensory and affective scores. 

3.1. Correlations of neural states and pain components 

Two measures of a single neural state and their correlation with pain 
scores are shown in Fig. 2A–B. The duration of the neural state shortened 
as the frequency of the neural state increased. Unexpectedly, the dura
tion of lγ1 was slightly higher than those of the surrounding hβ1 and hγ1. 
However, no durations of the neural states were significantly associated 
with the perceptive, sensory, or affective pain scores. The distribution of 
the occurrence rates of the neural state was the opposite of the duration 
measure; the higher the frequency of the neural state was, the higher the 
occurrence rate. In addition, neural state hγ1 showed an abnormal in
crease. No significant relationship was found between the occurrence 
rates and pain scores. 

A combinational neural state was defined by the paired activity 
states of two oscillations. We analyzed not only the correlations between 
durations and pain scores but also the correlations between occurrence 
rates and pain scores. The results are shown in Fig. 3A–B. Similar to the 
single neural states, when one component of the combinational neural 
states was the same, the other component was a low-frequency oscilla
tion with a longer duration than the high-frequency oscillation; for 
example, the duration of neural state θ0δ0 was higher than that of neural 
state hγ0δ0. Moreover, a combinational neural state with a desynchro
nization component had a longer duration than one that did not; for 
example, the duration of θ0δ0 was longer than that of neural state θ0δ1. 
However, the occurrence rates had a different distribution than the other 
duration measures. When one component of the combinational neural 
states was the same, the other component was a high-frequency oscil
lation that had a higher occurrence rate than the low-frequency oscil
lation; for example, the occurrence rate for neural state hγ0δ0 was higher 
than that for neural state θ0δ0. Combinational neural states with 
desynchronization components had higher occurrence rates than those 
without desynchronization components; for example, the occurrence 
rate of θ0δ0 was higher than that of the neural state θ0δ1. 

We found broader and more marked correlations between measures 

Table 1 
Clinical information of subjects.  

No. Age/Sex Etiologies Targets Pain distribution Pre-op VAS Pre-op MPQ 

Sensory Affective Miscellaneous Total 

1 60/M Stroke pain L_PAG/PVG Hemibody 9.2 31 8 9 53 
L_ST 

2 39/M Trigeminal neuralgia R_PAG/PVG Left supraorbital 7.5 33 9 12 59 
R_ST 

3 40/F Intractable forehead pain R_PAG/PVG Focal 5 13 5 2 23 
R_ST 

4 38/M Phamton limb pain R_PAG/PVG Left arm 8 7 2 3 17 
R_ST 

5 43/M Phamton limb pain R_PAG/PVG Left leg 5.6 22 5 5 35 
R_ST 

6 53/M Brachial plexus injury L_PAG/PVG Focal 4.8 22 6 7 39 
L_ST 

7 54/M Poststroke pain R_PAG/PVG Hemibody 6.7 18 2 6 29 
R_ST 

8 58/M Facial pain L_PAG/PVG Focal 9 22 7 9 43 
L_ST 

9 35/M Poststroke pain L_PAG/PVG Focal 9 16 5 6 32 
L_ST 

10 42/M Radiculo/plexopathy L_PAG/PVG Focal 10 29 0 5 35 
L_ST 

11 58/M Phamton limb pain R_PAG/PVG Phantom limb 7 22 5 14 46 
12 34/M Cephalalgia R_PAG/PVG Vertex 6.4 18 7 3 32 
13 56/M Amputation R_PAG/PVG Stump 7 13 5 6 24 
14 46/F Phamton limb pain bilateral PAG/PVG phantom limb 6.4 20 3 5 31 
15 53/M Stroke pain R_PAG/PVG Left arm 10 7 2 1 14 
16 62/M Stroke pain L_PAG/PVG Right arm 8.43 16 1 4 25 
17 61/M Stroke pain L_PAG/PVG Face 7.4 19 7 12 42 
18 31/M Radiculo/plexopathy PAG/PVG Focal 6.67 27 9 11 52 

pre-op: pre-operation (DBS surgery); VAS: visual analog scale; MPQ: the McGill pain questionnaire. In the “Targets” column, L means left brain, R means right brain, ST 
is the sensory thalamus, PAG/PVG is the periventricular/periaqueductal gray. 
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of combinational neural states and pain scores than the measures of 
single neural states and pain scores (Fig. 3C–H). Regarding pain 
perception, the durations of two neural states, lβ0δ1 (r = 0.678, p =
0.008) and lγ0lβ1 (r = -0.579, p = 0.047), and the occurrence rates of 
four neural states, θ0δ1 (r = 0.605, p = 0.031), α0δ1 (r = 0.636, p =
0.014), α1δ1 (r = 0.613, p = 0.014), and lγ0δ1 (r = 0.722, p = 0.003), 
were significantly correlated, and most of these contained a synchro
nized state of delta oscillation. Regarding sensory pain, five duration 
measures, hγ0δ1 (r = 0.687, p = 0.007), hγ0θ1 (r = 0.762, p = 0.001), 
hγ0lβ0 (r = 0.642, p = 0.016), hγ0lγ0 (r = 0.528, p = 0.048), and hγ1lγ1 

(r = 0.537, p = 0.048), and two occurrence rate measures, hγ1α0 (r =
-0.600, p = 0.034) and hγ1lβ0 (r = -0.628, p = 0.021), were significantly 
correlated, and most of them were based on the desynchronization state 
of high-gamma oscillation. Regarding affective pain, significant corre
lations were found in the duration of two neural states, α1θ0 (r = 0.626, 
p = 0.022) and hβ0α1 (r = 0.592, p = 0.039), and the occurrence rates of 
three neural states, hβ1θ0 (r = -0.590, p = 0.040), lγ0lβ1 (r = -0.658, p =
0.012), and lγ0hβ0 (r = -0.575, p = 0.050). The linear correlations be
tween the most significant neural state and the pain perception, sensa
tion, and affect scores are shown in Fig. 3I–K. All relationships between 

combinational neural states and pain scores are shown in Supplemen
tary Fig. 1. 

3.2. Pain score prediction based on multiple integrated LFP features 

As shown in Fig. 3, almost all neural states that were significantly 
correlated with perception scores contained a delta oscillation compo
nent, with the exception of the duration of neural state lγ0lβ1. Similarly, 
all neural states that were significantly related to the sensation scores 
contained a high-gamma oscillation component. However, no dominant 
components were found in these significant neurological states. As the 
results showed, there were a total of 6 significant features for the pain 
perception scores, including the duration of neural states lβ0δ1 and lγ0lβ1 

and the occurrence rate of neural states θ0δ1, α0δ1, α1δ1, and lγ0δ1. There 
were total of 7 significant features for the sensation scores, including the 
duration of neural states hγ0δ1, hγ0θ1, hγ0lβ0, hγ0lγ0, and hγ1lγ1 and the 
occurrence rate of neural states hγ1α0 and hγ1lβ0. There were total of 5 
significant features for the affect scores, including the duration of neural 
states α1θ0 and hβ0α1 and the occurrence rates of neural states hβ1θ0, 
lγ0lβ1, and lγ0hβ0. The performance of the prediction models was based 

Table 2 
Correlation between VAS score and different part of MPQ.  

Correlation Sensory Affective Evaluate Miscellaneous Sensory + Affective MPQ total 

r-value  0.021 − 0.253  0.134 − 0.014 − 0.06 − 0.032 
p-value  0.9321 0.296  0.584 0.954 0.8058 0.9  

Fig. 2. Correlations between measures of single neural states and pain perception, sensation, and affect scores. The durations and occurrence rates of single neural 
states (A, B) and their correlations with pain perception, sensation, and affect scores (C, D). There were no significant correlations between neural state measures and 
pain measures. 
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on different numbers of principal components. The lowest prediction 
error was obtained when only the first principal component was used for 
perception scores, the first two for sensory pain scores, and the first three 
for affective pain scores. The coefficient of each significant feature in the 
selected principal components is listed in Supplementary Tables 1–3. As 
shown in Fig. 4, for the perception score prediction, the correlation 
between the predicted value and the true perceptive score was higher 

than that for any feature (r = 0.858, p = 0.000005), and the prediction 
error was 7.18% ± 3.42%. For the sensation score prediction, the cor
relation between the predicted value and the real sensory pain score was 
higher than that for any LFP feature (r = 0.805, p = 0.00006), and the 
prediction error was 8.35% ± 5.85%. For the affect score prediction, 
compared to LFP features, the correlation between the predicted value 
and the real affect score was still higher (r = 0.772, p = 0.0002), and its 

Fig. 3. Dynamic features of combi
nations of neural states and their 
relationship to clinical pain state 
measures. The duration (A) and 
occurrence rate (B) of the combina
tional neural states of each pair of 
combined oscillations. Correlations 
between the durations and occur
rence rates of the combinational 
neural states for each pair of com
bined oscillations and pain percep
tion, sensation and affect scores are 
shown in C–H. Significance is indi
cated by the width of the lines, and 
the numbers are the correlation co
efficients. I-K are the linear correla
tions between the most significant 
neural state and the pain perception, 
sensation, and affect scores, 
respectively.   
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prediction error was 10.12% ± 7.05%. 

4. Discussion 

The present study reported the multidimensional pain coding neural 
features in the PAG/PVG. The dynamic features of different oscillatory 
bands correlated to perceptive, sensory, and affective dimensions of 
chronic pain. This result agreed with the fact that the PAG/PVG consists 
of both descending and ascending pathways in pain processing. It is 
involved in multiple functions related to pain as an essential nucleus. 
Modulating different oscillatory activities in the PAG/PVG may treat 
specific dimensions of the experience of pain in chronic pain patients. 

4.1. Implication and application of pain perception, sensory pain and 
affective pain 

Pain is a multidimensional complex experience with three di
mensions: sensory-discriminative, affective-motivational and cognitive- 
evaluative dimensions (Melzack, 1975; Katz and Melzack, 1999). In this 
study, we correlated neural oscillations with sensory-discriminative 
pain and affective-motivational pain by using the VAS pain score and 
MPQ questionnaire with chronic pain patients. Due to the complexity of 
the cognitive-evaluative dimension and the simplification of the evalu
ative domain in the MPQ questionnaire, we will discuss it in future 
studies. Here, the sensory domain and the affective domain of the MPQ 
questionnaire were used to measure sensory pain and affective pain, 
respectively. The pain sensory information includes the dynamic char
acteristics, including the sensory pain score, associated with information 
on the duration, location, time, and properties of pain, which was spe
cifically encoded by an oscillation network centered at high-gamma 
oscillation (Fig. 5). The emotion-affective dimension of pain includes 

immediate pain unpleasantness and a motivational component that is 
also called the “secondary pain affect” (Price, 2000, 2002). Consistent 
with this, we found that several neural oscillations are involved in the 
encoding of affective pain information (Fig. 5), and this may be due to 
the complexity of emotional circuits. 

As a unidimensional instrument, the VAS pain score specifically and 
primarily reflects the intensity of pain perceptual experience, which is 
correlated with pain perception here. In this study, pain perception is 
highly correlated with delta oscillation (Fig. 5). However, somatosen
sory localization and intensity coding are sometimes linked with 
moment-by-moment (autonomic) pain unpleasantness (Fields, 1999). 
Interestingly, neural states based on delta combined with other oscilla
tions have more marked relationships with pain perception scores than 
single delta neural states, indicating that perception as an overall 
reflection of the pain state may contain complex information and 
involve additional brain areas. With reproducible results, the VAS is easy 
to measure, is sensitive to treatment effects, and is most widely used to 
evaluate pain severity and relief (Todd, 1996). The extent of the 
measured outcomes in VAS and the neural features correlated with pain 
perception we identified here might be potential biomarkers for future 
clinical applications. 

4.2. Neural oscillations in the PAG and its biological features 

The PAG/PVG receives afferents from nociceptive neurons in the 
spinal cord and sends ascending projections to many parts of the thal
amus, which indicates that the abnormal oscillatory network in the 
PAG/PVG may be related to pathological changes in other brain areas, 
especially thalamocortical dysrhythmia, which has been proven to be an 
important mechanism involved in chronic pain (An et al., 1998; 
Berendse and Groenewegen, 1990, 1991; Devinsky et al., 1995; Hartley 

Fig. 4. The best prediction model power for the three pain components. Prediction errors of the best model for predicting pain perception, sensation, and affect 
scores (A). B-D are the linear correlations between the predicted value from the best prediction model and the true pain perception, sensation, and affect, 
respectively. 

Fig. 5. A summary of correlations between neural state measures and pain perception, sensory pain, and affective pain. The colored lines between two oscillations 
indicate significant correlations between neural states based on these two combined oscillations and pain. Different colors represent different dimensions of pain, as 
listed in the legend, and the line width represents the importance of this combinational neural state for pain components. 
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et al., 2017; Krout and Loewy, 2000). In this study, we found the 
importance of delta oscillations for pain perception (Fig. 5), which is 
highly consistent with our previous results that a neural network 
centered on delta oscillations in the sensory thalamus is responsible for 
neuropathic pain perception (Luo, et al., 2019). Many studies have re
ported that oscillations below 10 Hz are changes in the thalamus and S1, 
as well as the coupling between the thalamus and S1, in laser-induced 
pain, inflammatory pain, and neuropathic pain (Li, et al., 2017; Sarn
thein and Jeanmonod, 2008; Sarnthein, et al., 2003; Stern, et al., 2006; 
Wang, et al., 2016). 

The results also revealed that high-frequency gamma band oscilla
tion may be a suitable biomarker to encode pain sensation. Oscillations 
in the gamma frequency band were induced by phasic pain stimuli over 
the sensorimotor cortex at latencies between 150 and 350 ms (Hauck, 
et al., 2007). Furthermore, gamma oscillations over brain areas shift 
from encoding sensory processes to encoding emotional-motivational 
phenomena after a few minutes of stimulation (Ploner, et al., 2017). 
On the other hand, the amplitude of gamma oscillations in S1 could 
predict the pain intensity induced by laser stimulation in both humans 
and rodents (Hu and Iannetti, 2019; Yue, et al., 2020) and the pain level 
in chronic pain patients (Parker, et al., 2020; Zhou, et al., 2018). 
Increased gamma activity was identified in the PAG after noxious laser 
stimulation in rats (Li, et al., 2017). Another human study reported 
elevated gamma oscillations in the dorsal PAG after naloxone infusions 
that indicated the sensation of more severe pain (Pereira, et al., 2013). 
These clues suggested that gamma oscillations may contain more spe
cific information about pain, while low-frequency band oscillation may 
be a pathological sign of chronic pain. 

This study found that a beta oscillation-centered network was 
significantly related to the pain emotional score, which may indicate 
that beta oscillations play a key role in encoding pain affect. Beta os
cillations may arise from brain areas related to pain emotion because 
beta oscillations are believed to serve as a feedback signal (Michalareas, 
et al., 2016). A laser-induced pain study examining anterior cingulate 
cortex (ACC) activity in rats reported that delta and gamma oscillations 
increased, while beta oscillations decreased after laser stimulation (Li, 
et al., 2017). Another study in fibromyalgia patients found increased 
theta and beta oscillations in the middle frontal lobe and midcingulate 
gyrus, but individual differences in depression, anxiety, or negative 
affect did not account for these findings (Gonzalez-Roldan, et al., 2016). 

4.3. PAG and its roles in the pain matrix 

Activation of the PAG has been found to be a part of a descending 
pathway for attentional control of pain by using fMRI (Tracey, et al., 
2002). Neuroanatomical studies have also suggested the PAG-mediated 
central modulation of ascending responses to pain. Nociceptive neurons 
located in laminae VII and VIII of the spinal cord and laminae V and VI of 
the SpV project to the PAG (Mouton and Holstege, 2000; Vanderhorst, 
et al., 1996), posterior hypothalamic nucleus (Çavdar et al., 2001), and 
intralaminar thalamic nuclei (Carstens and Trevino, 1978; Royce et al., 
1991; Shigenaga, et al., 1983). The PAG-involved pain matrix has also 
been reported in all pain types, such as neuropathic pain (Samineni, 
et al., 2017), inflammatory pain (Li and Sheets, 2018), and cancer- 
induced bone pain (Xu, et al., 2021). In a recent study, dopamine neu
rons in the ventrolateral periaqueductal gray/dorsal raphe (vlPAG/DR) 
through projections to the bed nucleus of the stria terminalis (BNST) 
contributed to sex differences in regulating pain-related behaviors (Yu, 
et al., 2021). 

The PAG/PVG involves at least three pathways related to affective 
aspects of pain. First, the ventrolateral, lateral, and rostral PAG directly 
project to the intralaminar and midline thalamic nuclei, which is the key 
node of the affective pain system (Xiao and Zhang, 2018). The PAG- 
thalamic-forebrain circuit is associated with emotional responses 
(Krout and Loewy, 2000). Second, there is a strong projection from the 
amygdala to the PAG. The amygdala is a part of the limbic system and 

has been proven to be related to emotional and affective components 
and memory inherent to painful experiences. Third, the PAG indirectly 
connects with the ACC through the right paracentral nucleus and the 
central medial nucleus and is therefore involved in the affective pain 
response since the dorsal ACC has been implicated in the affective as
pects of pain (Boccard, et al., 2017; Osaka, et al., 2004; Russo and Sheth, 
2015). Therefore, the neural coding mechanism of pain emotion needs 
more in-depth research. 

In addition, we employed prediction models for three-dimensional 
information of neuropathic pain based on integration features from 
single signal LFPs of the PAG/PVG and obtained low prediction errors. 
Compared to other models based on complex algorithms (Wager, et al., 
2013; Zhang, et al., 2013), this model has good interpretability based on 
a clear neural mechanism. There might be similar neural states and 
relevant local networks of oscillations in neurological diseases, such as 
Parkinson’s disease, depression, and addiction. This work may provide a 
potential for developing a neural-state-dependent neuromodulation 
strategy for pain (Neumann, et al., 2019; Shirvalkar, et al., 2018) in the 
future. 

5. Limitations 

This study is subject to several limitations. First, we included only 18 
subjects, and only two of them were female patients. Although we 
currently provide the largest known human dataset of LFPs recorded 
from the deep nucleus, a larger sample of research should be carried out, 
and more female subjects should be included in the future. Second, the 
etiologies of the recruited neuropathic pain patients are different. This is 
also a common problem in current chronic pain research, and perhaps 
more stable results could be obtained by using only one type of neuro
pathic pain in the future. Third, we did not carry out long-term LFP 
recordings and could not observe the relationship between the dynamics 
of neural activity and the dynamic changes in pain, which will be a very 
interesting question to explore. 

6. Conclusion 

In summary, this study reported that the PAG/PVG was involved in 
coding perception, sensory, and affective aspects of pain information, 
potentially through the integration of multiple oscillations within local 
networks. Distinct oscillatory networks in the PAG/PVG based on 
different key oscillations may help to elucidate the neural mechanisms 
of pain. 
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