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Abstract
Patients’ pain level of the patients is a fundamental factor for the patients’ anesthetics usage. To investigate the responses 
of electroencephalogram (EEG) to cold pressor pain in the frequency domain, twenty healthy subjects’ EEG signals were 
recorded during a cold pressor test. A band-pass filter and independent component analysis were used to preprocess the 
EEG signal. Fast Fourier transformation as used to analyze the EEG power spectrum. Paired t-tests were performed on the 
EEG power to investigate the significance of the difference between pain and no-pain EEG power. In pain state, the EEG 
power increased significantly at EEG channel location Cz, O1, and O2 over most frequency bands: 1–4 Hz, 4–8 Hz, 8–13 
Hz, 13–30 Hz, 30–50 Hz. The EEG power of the gamma band increased over extensive brain regions in pain condition. 
This study suggests that the power of EEG data in pain state has a higher value over most frequency bands. The central 
and occipital brain regions show the most significant differences between no-pain and pain state. The findings of this 
study provide evidence that EEG is a promising tool to objectively assess the pain level of human beings.
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1  Introduction

Patients’ pain level is a key factor to decide the patients’ 
usage of anesthetics in clinical practice. Getting an objec-
tive pain level of patients is crucial for both patients and 
doctors. At the moment, most hospitals are using the 
numerical rating scale (NRS) [1, 2], verbal rating scale 
(VRS), visual analog scale (VAS) [3, 4], and faces scale [5], 
as shown in Fig. 1. The NRS asks the patients to report their 
pain level on a scale from 0 to 10, with the description 
that 0 means “no pain” and 10 means “excruciating pain”. 
The VRS provides a list of adjectives with the meaning of 
different pain levels.

The patients will select one adjective to describe their 
pain level. The VAS usually shows patients a 10 cm line, on 
which one end is “no pain” and the other end is “excruci-
ating pain”. The patients will point a location on the line 
that best represents their pain level [6]. The faces scale is 

usually comprised of a few facial expressions, indicating 
the pain level. These methods are simple and easy to use. 
However, biased pain ratings could be reported for a few 
reasons. First, these methods are subjective, which means 
the reported pain level is totally based on that patient’s 
personal opinion; Second, these methods fail to work 
when patients are unconscious; Third, some patients could 
lie on their pain level to cheat on unwarranted absence 
from work or prescription of opioid [7], which caused an 
enormous economic burden for the nation. In a study on 
the economic burden, it’s estimated that the total eco-
nomic burden of prescription opioid overdose, abuse, and 
dependence was $78.5 billion in the United States in the 
year 2013 [8].

Cold pressor test (CPT) was first introduced by Hines 
Jr and Brown [9]. The key step of CPT is to place one of 
the subject’s hands into cold water up to the wrist. Wolf 
and Hardy’s work proved that pain could be conveniently 
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produced using CPT and its intensity depended directly on 
the degree of cooling [10]. The CPT has been commonly 
used as an experimental tonic pain model in the past dec-
ades. Recently, Hansen et al. [11] investigated the charac-
terization of cortical source generators using CPT. Barati 
et al. [12] conducted an experiment on hemodynamic 
response using CPT as a pain stimulus.

Electroencephalogram (EEG) is the electrical activity of 
the human brain, and has been extensively studied in dif-
ferent scenarios [13, 14]. As a powerful signal to study the 
electrophysiological dynamics of the human brain, EEG 
has been believed to be a pain indicator. Prior research 
showed that the EEG signal was a promising indicator to 
assess pain level. Jensen et al. [3] conducted a study, show-
ing that certain EEG patterns were related to chronic pain 
in people with spinal cord injury. In the study of Diers et al. 
[15], some components of the EEG signal between healthy 
subjects and chronic low back pain patients (cLBP) were 
significantly different. However, the results of different 
studies varied greatly. It’s found that, during the cold pain 
condition, alpha band (8–12 Hz) power increased over the 
posterior scalp and decreased over the contralateral tem-
poral scalp. Gamma band (25–100 Hz) power increased 
over most of the scalp regions [16]. According to Shao 
et al. [17], the band power (8–12 Hz) of the EEG signal 
decreased and the band power (18–30 Hz) increased over 
extensive brain regions in cold pain condition.

The present study aims to assess people’s pain level 
using the EEG power spectrum. Towards this aim, 20 sub-
jects were recruited for the CPT. A band-pass filter and 
independent component analysis (ICA) were performed 
for signal preprocessing. A fast Fourier transform (FFT) was 
used to analyze the EEG signal power spectrum. The differ-
ences between pain and no-pain states were also exam-
ined in topographies over different frequency bands. The 

remaining parts of this paper are structured as follows: 
Sect. 2 represents the methodology of this study. Sect. 3 
shows the experimental results. In Sect. 4, we present the 
discussion and limitation of this research. Sect. 5 is the 
conclusion of the research.

2 � Materials and methods

2.1 � Subjects

Twenty healthy young adults (17 males and 3 females, age: 
mean = 27.4, SD = 5.7) participated in this experiment. 
None of them had any history of neurological, psychiat-
ric, and cardiovascular problems. None of the subjects 
experienced any sort of pain before participating in the 
experiment. They were instructed to avoid alcohol and 
caffeine in the 24 hours before the experiment because 
alcohol and caffeine affect pain perception [18, 19]. Each 
subject was given a detailed explanation of the experi-
mental procedures and signed a consent form upon his/
her arrival. All experiments were conducted in Intelligent 
Human-Machine Systems Lab at Northeastern University 
(NEU). This research was approved by the NEU Institutional 
Review Board (IRB#:17-01-25).

2.2 � Apparatus

(1) Enobio EEG device (Neuroelectrics, Barcelona, Spain) 
was used to record EEG in this study. The sampling rate of 
our EEG device was 500 Hz. Enobio transferred EEG data 
to a computer through Wi-Fi. (2) Ice water ( ∼ 0 ◦ C) was 
used as pain stimulation in this study. (3) A Dell worksta-
tion operating on windows 7 with 16 G RAM was used to 
process the data in this study.

Fig. 1   A few examples of common pain rating scales used in most hospitals. a numerical rating scale (NRS), b verbal rating scale (VRS), c 
visual analog scale (VAS), d faces scale [5]
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2.3 � Experimental procedure

Each subject signed a consent form before the experi-
ment. During the experiment, the subjects were asked 
to sit in a comfortable armchair, with a monitor facing 
them at a distance of about 30 cm. The experiment took 
place in a quiet room without any disturbances. The sub-
jects were asked to look at a green dot on a monitor 
in front of them and keep their eyes open during the 
entire experiment. The experimental procedures were 
as follows: Step 1, EEG sensors were attached to the sub-
jects based on the international 10–20 system [20]. Step 
2, the subjects were asked to rest in an armchair for 3 
min before the experiment started. Step 3, baseline data 
recording. To reduce the subjects’ eye movement and 
keep their eyes open during the experiment, they were 
asked to look at a green dot on the monitor (same in the 
following steps). The baseline data collection lasted 20 
s. Step 4, the subjects were asked to put their right hands 
(up to the wrist) into a bucket filled with ice water. There 
was a letter “P” showing up on the monitor every 20 s, as 
shown in Fig. 2. The subjects were asked to report their 
pain level, using VRS, every time when they see the let-
ter “P” on the screen. The subjects were asked to do this 
for a maximum period of 200 s. If the subjects could not 
tolerate the pain for that amount of time, the subject 
could elect to withdraw their hands from the ice water, 
effectively ending that experimental session. Step 5 , the 
experiment ended.

2.4 � Sample size calculation

The sample size calculation was performed in Minitab 
(Version 17, Minitab, PA, USA). Based on a previous simi-
lar study [21], the difference of EEG spectral power (rela-
tive value) in different pain states was around 4%. With 
the desired power of 0.8 and a significance level of 0.05, 
a sample size of 15 participants was generated for this 
study. Considering the variation of EEG power in different 
channels, we recruited 20 subjects in total to achieve the 
desired power.

2.5 � Data acquisition and preprocessing

EEG signals were recorded in 11 locations (Fp1, Fp2, F7, 
F8, T7, T8, C3, C4, Cz, O1, O2), as shown in Fig. 3. EEG data 
were collected with a sampling rate of 500 Hz and the 
impedances of electrodes were less than 5KΩ. Different 
subjects had different lengths of EEG data because they 
were allowed to withdraw from the experiment at any 
time. In the present study, for an easier comparison, we 
chose to compare the baseline data with the pain data 
that had the highest subjective pain rating. The EEG data 
were filtered with a 1–50 Hz band-pass filter. An ICA was 
performed using ICA toolbox of EEGLAB (EEGLAB, SCCN 
[22]). We used ADJUST add-on [23] in EEGLAB to remove 
the artifacts in the raw EEG signal.

2.6 � EEG data analysis

For power spectral analysis, FFT was performed to con-
vert the EEG signal from the time domain to the frequency 
domain and calculate the power spectrum. In the present 
study, the target frequency bands were: delta (1–4 Hz), 
theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz), gamma 
(30–50 Hz). The power spectrum of frequency bands was 
calculated for each channel location and experimental 
condition (pain vs. no-pain). Paired t-tests are conducted 

Fig. 2   Schematic diagram of the experimental setup (the upper 
part: the screen displays shown to the subjects; the lower part: the 
experimental scene) Fig. 3   EEG channel location map according to 10–20 system [20]



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2020) 2:1976 | https://doi.org/10.1007/s42452-020-03822-8

on each channel location and frequency band to evaluate 
the significance level of differences between cold pain and 
no-pain condition.

3 � Results

3.1 � Subjective pain level

The average subjective pain ratings with standard devia-
tion are shown in Fig. 4. According to the IRB protocol, 
our subjects could stop the experiment at any time. As 
noted in Fig. 4, the standard deviations of the pain ratings 
were zero at the end of the experiment. That’s because 
only one subject made it to the end of the experiment. 
The baseline pain level for all subjects was zero since none 
of them reported any type of pain in the experimental 
survey before participating in the experiment. The pain 
level of the two chosen conditions (pain vs. no-pain) was 
significantly different (paired t-test, DOF = 19, p < 0.01). 
Some subjects’ pain level increased with the experiment 
going on and decreased at the end of the experiment. It’s 
pointed out that numbness could be a reason that the 
subjects’ pain level decreased at the end of the cold pain 
experiment [24].

3.2 � EEG in frequency domain

ICA and ADJUST were used to remove artifacts in the 
raw EEG data. Four kinds of artifacts were detected and 
removed (Fig. 5). As shown in Fig. 6, the left figure shows 
raw EEG data and the right figure shows EEG data filtered 
by ICA.

EEG power was calculated over five frequency bands 
(delta: 1–4  Hz, theta: 4–8  Hz, alpha: 8–13  Hz, beta: 
13–30 Hz, gamma: 30–50 Hz) at each EEG channel location. 
The averaged EEG power of each frequency band is shown 
in topographies (Fig. 7). In general, the power of each 
frequency band increased over extensive brain regions. 
Paired t-tests were conducted to analyze the significance 
level of difference between pain and no-pain conditions 
at each channel. p-values of each channel from the paired 
t-tests are also interpreted as topographies in the last col-
umn of Fig. 7.

We compared the differences between the two condi-
tions of each frequency band at each EEG channel location 
(paired t-test, DOF = 19). The significance level is shown in 
Table 1. Delta band (1–4 Hz) showed significant differences 
at Cz (p < 0.03, DOF = 19) and over the occipital region (p 
< 0.03 (O1), p < 0.05 (O2), DOF = 19). Theta band (4–8 Hz) 
showed significant differences at C3 (p < 0.04, DOF = 19), 
Cz (p < 0.03, DOF = 19) and, O1 (p < 0.03, DOF = 19). Alpha 
band (8–13 Hz) showed significant differences at FP2 (p < 
0.03, DOF = 19), Cz (p < 0.03, DOF = 19), and over the occip-
ital region (p < 0.02 (O1), p < 0.05 (O2), DOF = 19). Beta 
band (13–30 Hz) showed significant differences over fron-
tal pole region (p < 0.03 (FP1), p < 0.03 (FP2), DOF = 19), 
occipital region (p < 0.01 (O1), p < 0.01 (O2), DOF = 19) 
and central region (p < 0.01 (Cz), p < 0.03 (C3) , DOF = 19). 
Gamma band (30–50 Hz) showed significant differences 
over extensive brain regions. In terms of brain regions, the 
central region and occipital region showed significant dif-
ferences over almost all frequency bands.

4 � Discussion

The present study explored the relationship between EEG 
power spectrum and pain level of CPT. We compared the 
EEG power spectrum in two different conditions (pain vs. 
no-pain). Specifically, the EEG power spectrum of gamma 

Fig. 4   The average pain level of all subjects at the end of each 
epoch with standard deviation

Fig. 5   Four kinds of artifacts 
detected and removed by 
ADJUST [23]. a Horizontal 
eye movement, b Vertical eye 
movement, c Eye blinks, d 
Generic discontinuities (sud-
den amplitude fluctuations in 
a channel)
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band increased significantly over extensive brain regions 
while the subjects were in the pain condition.

4.1 � Subjective pain rating

In this study, we recruited 20 healthy subjects and used ice 
water to trigger pain. The amount of time that each sub-
ject could last in the ice water varied greatly. Two subjects 
lasted only 1 epoch (Each epoch was 20 s), while one sub-
ject made it to the end of the experiment (10 epochs). Fig-
ure 8 represents the distribution of total epochs that each 
subject had in the experiment (mean = 5, SD = 3.18). While 
in some other studies, all of their subjects made it to the 
end of the experiment [16, 17]. The water temperature in 
their studies was controlled at a higher degree. The initial 
temperature of the cold water was 4.3 ± 0.8 ◦ C in one study 
[16] and 10 ± 1 ◦ C in another study [17]. As mentioned 
previously, the subjects’ hands got numb while staying in 
the ice water for a long time. In future studies, a higher 
temperature of the cold water is recommended in CPT.

4.2 � Power spectral analysis

The EEG data were collected from 32 channels all over 
the scalp, although there was ample evidence showing 
that pain perception was related to the frontal [21, 25], 
central [26], temporal [16], and parietal [16, 25] regions 

Fig. 6   a Raw EEG data before filtering (noise shown in the rectangle). b Filtered EEG data

Fig. 7   EEG topographies comparing no-pain and pain states over 
five frequency bands. No pain state topographies (left most col-
umn). Pain state topographies (middle column). EEG power density 
unit: 10 ∗ log10(uV∕Hz) . The differences between pain and no pain 
states were tested using paired t-tests (p-values shown as topogra-
phies (right most column), DOF = 19)
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on the scalp. The power spectral analysis of the EEG sig-
nals showed that the EEG power had a higher value over 
extensive brain regions in the pain condition. Moreover, 
the EEG power increased more significantly in higher fre-
quency bands (beta and gamma). According to our result, 
delta band (1–4 Hz) showed significant increases in the 
EEG power at only three channel locations, while gamma 
band (30–50 Hz) showed significant increases over almost 
all measured brain regions.

We noted that there wasn’t a commonly agreed con-
clusion of how the EEG band power changed based on 
the pain state. For faster brain activities (beta & gamma), 
our results concurred with most CPT studies [16, 17, 27], 
which stated that the faster EEG signals had greater power 
in pain condition. For slower brain activities (delta, theta, 
and alpha), our results were consistent with one study 
[25], while inconsistent with some other studies [16, 17]. 
It suggested that there was a significant and long-lasting 
increase of delta power in pain condition [25]. However, it 
showed that theta power decreased over left medial fron-
tal and left superior frontal regions [17]. Of note, Dowman 
et al. [16] study illustrated that the change of alpha power 
varied depending on the EEG channel location. It demon-
strated that alpha power decreased over the contralateral 

temporal region and increased over the posterior region in 
pain condition. According to a review study [28], stronger 
slow wave activities might indicate a low level of general 
mental ability. This implied subjects’ mental ability was 
suppressed in the pain condition.

In the present study, the frontal and temporal regions 
showed hardly any significant differences, which con-
trasted with some studies, saying the frontal and temporal 
regions showed significant changes in EEG signals in differ-
ent pain states [16, 21]. The frontal lobe is usually involved 
in conscious thoughts, decision making, motor function, 
etc. The temporal lobe is usually associated with long-term 
memory, language comprehension, etc. According to a 
review of 6 CPT studies [16], three of the 6 studies reported 
EEG power changes over the frontal region. One of the 6 
studies reported changes over the temporal region. The 
reason that there were hardly any significant differences 
over the frontal and temporal regions might be the arti-
facts in the signals and the usage of ICA. As is known, EEG 
signals in the frontal region can be easily contaminated by 
eye blinking. And ICA is a commonly used tool to get rid of 
artifacts from the EEG signal, but meanwhile, it may also 
remove some useful components in the raw signal [29].

4.3 � Limitation

However, some limitations of this research should be 
noted. First, the data length of each subject was differ-
ent, since the subjects could stop the experiment at any 
time. The differences of data lengths made it impossible 
to compare all data we collected. As a result, we used two 
trials from each subject (baseline trial and trial with the 
highest pain rating). In the future, a higher temperature 
of cold water is recommended for CPT. Second, we had 
20 subjects with 17 males and 3 females in this study. The 
number of male subjects was much more than that of 
female subjects. In the future study, it is suggested to have 
more subjects and an equal number of male and female 
subjects. Further analysis of potential gender differences 
will be conducted for the cold pressure test.

Table 1   Significance level 
of frequency bands at each 
location (pain vs. no-pain)

– Means the difference is not significant

Frequency bands Channel locations

Frontal pole Frontal Central Temporal Occipital

FP1 FP2 F7 F8 C3 Cz C4 T7 T8 O1 O2

Delta (1–4 Hz) − − − − − 0.03 − − − 0.03 0.05
Theta (4–8 Hz) − − − − 0.04 0.03 − − − 0.03 −
Alpha (8–13 Hz) − 0.03 − − − 0.03 − − − 0.02 0.05
Beta (13–30 Hz) 0.03 0.01 − − 0.03 0.01 − − − 0.01 0.01
Gamma (30–50 Hz) 0.01 0.01 − 0.01 0.01 0.01 0.01 0.05 0.02 0.01 0.01

Fig. 8   The distribution of the total number of epochs each subject 
had in the experiment
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5 � Conclusions

In this study, we aimed to develop a method to assess 
people’s pain level objectively. We used ice water as a 
painful stimulus to healthy subjects and recorded sub-
jects’ EEG data. We applied ICA to EEG data to remove 
artifacts and used FFT to analyze EEG power spectrum. 
Paired t-tests were conducted to determine if there was 
a significant difference between the two experimental 
conditions. It’s found that the EEG power spectrum, in 
general, had a higher value while in pain condition. 
The gamma band power showed significant differences 
over extensive brain regions. The EEG power spectrum 
is proved to be a promising and potential tool to objec-
tively assess pain level of patients.
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