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Abstract

Chronic pain is a worldwide health problem characterized by physical debilitation and often
accompanied by anxiety, depression, and cognitive impairment. Previous research suggests that
Neurofeedback (NF), a type of biofeedback in which individuals are trained to self-regulate their brain
activity, has demonstrated its potential as a therapeutic complementary/alternative approach to help
chronic pain patients. In this thesis, an EEG-NF training protocol was designed and implemented in
7 patients with chronic back pain, aiming to decrease their pain level and discomfort. The training
comprised 16 sessions, in which an alpha/theta protocol was applied at Cz to enhance alpha activity
and simultaneously inhibit theta. Since only 4 out of 7 participants have already completed the
treatment, the analysis was performed from the first to the seventh session. Considering all participants,
a significant raise of the alpha/theta ratio was observed within session, as well as a significant decrease
of the theta relative amplitude. Across sessions, only a significant increase was observed for the alpha
band. No significant changes were obtained regarding psychological and cognitive improvements, neither
a significant decrease in pain was observed after 7 training sessions. Although improvements were seen in
patients’ training performance over the first half of the procedure, it is important to further evaluate the
outcomes for the whole treatment. By increasing sample size and adding a control group it is expected
that stronger conclusions can be drawn. Nonetheless, these findings provide preliminary support for the
NF potential efficacy in the treatment of chronic back pain, suggesting further investigation is needed
for a deeper understanding.
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1. Introduction

Pain is considered chronic when it persists beyond
the estimated period of recovery from an injury,
which could last for several weeks or longer. Be-
sides the discomfort and unpleasantness, chronic
pain (CP) is associated with fear, anxiety, depres-
sion, sleep deprivation, and cognitive impairment
[1]. Unlike acute pain, CP does not promote any
beneficial function and it significantly compromises
individuals’ quality of life [2]. Indeed, it is a global
health care problem that produces a serious impact
on economics and society. This condition is predom-
inant in North America, Europe, and Australia, af-
fecting 10.1-55.2% of the adult population [3]. In
Portugal, CP prevalence is estimated in 36.7%, and
it is expected to rise as the lifespan of population
increases [4]. Currently, the administration of med-
ication, such as analgesics, opioids or muscle relax-
ants, is the approach most commonly used to treat
CP. However, pharmacotherapy alone may be inef-
ficient, cause side effects and, in a long-term, can
cause addiction [5]. Therefore, innovative methods

are required to complement the ordinary ones in or-
der to promote a greater pain management.

Through medical imaging techniques, such as
electroencephalography (EEG) and functional mag-
netic resonance imaging (fMRI), evidence demon-
strates that individuals with CP usually manifest
abnormal oscillatory activity in specific brain ar-
eas [6]. Studies concerning spontaneous brain ac-
tivity assessment have identified specific frequencies
of neural oscillations’ activity that might be asso-
ciated with pain and its perception [7]. Jensen et
al. (2009) affirm that both the experience of pain
in healthy subjects and individuals suffering from
chronic pain are associated with a lower alpha ac-
tivity [8]. Moreover, lower amplitudes of alpha are
suggested to be related with increased pain percep-
tion, since its decreased activity facilitates informa-
tion transfer through thalamocortical and cortico-
cortical pathways [9, 10]. Furthermore, studies com-
paring the power spectra in chronic pain patients
and healthy controls reported the presence of overac-
tivations within the theta and beta frequency ranges
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[6, 8, 11]. The peak frequency has been another
EEG parameter used to assess differences between
chronic patients and controls. In chronic subjects,
experiments have found a shifting of the dominant
peak towards lower frequencies, which was corre-
lated with an ”increase in psychopathology or a re-
duction in life satisfaction” [7, 12].

Neurofeedback (NF) is a type of biofeedback in
which individuals are trained to self-regulate their
brain activity. This can be achieved, for instance,
by rewarding the increase or inhibition of the mag-
nitude of oscillations in specific bandwidths [9, 13].
During this procedure, the information of the EEG
that is being recorded is extracted and given to
the subject by a real-time feedback loop in a vi-
sual and/or audio format. It is through these feed-
backs that the subject becomes aware of the varia-
tions that occur during the training, giving him/her
the ability to analyze and voluntarily modulate their
progress in order to improve their performance [14].
NF is a non-invasive approach of brain activity reg-
ulation that does not imply the administration of
pharmacological compounds into the brain, or the
introduction of magnetic or electrical activity, avoid-
ing brain dependency on external factors for better
functioning [15]. NF has been diversely applied in
both medical context, encompassing the treatment
of attention deficit/hyperactivity disorder [16, 17],
epilepsy [18, 19], schizophrenia [20, 21], depression
[22, 23] and pain, and in non-clinical areas including,
for instance, the improvement of cognitive, memory,
artistic and sporting performances in healthy sub-
jects.

Regarding the effects of NF in individuals suffer-
ing from CP, several investigations have been per-
formed throughout the years having a common main
goal: to decrease the intensity and the severity of
pain. Although no large-scale clinical trial has been
completed to date, a number of case series and pre-
liminary studies have been published, providing a
better insight of the NF potential benefits [5]. These
include experiments in patients suffering from mi-
graines [24, 25], fibromyalgia [26–28], complex re-
gional pain syndrome [29], spinal cord injury [30],
and chemotherapy-induced peripheral neuropathy
[31]. The benefits reported by these investigations
appear to be ”moderate at best”, and some of them
lack of deeper understanding of NF long-term ef-
fects. However, there is evidence that NF can actu-
ally alter brain activity and might thus be used as
a complementary approach to treat CP and other
conditions [5].

Due to the fact that no investigation has been car-
ried out to date regarding NF in chronic back pain
(CBP), a preliminary research aiming to investigate
the existence of NF potential benefits in patients
suffering from this condition would be a valuable

contribution to the field. With this project, treat-
ment parameters, including sessions’ duration, rein-
forced/inhibited bandwidths, training electrode(s),
among others, can be assessed regarding their ef-
ficacy and be further refined, in order to design a
protocol that could be applied in a clinical context.

Therefore, this work aimed to investigate the po-
tential benefits of applying a NF training protocol,
specifically the enhancement of the Individual Alpha
Band/Individual Theta Band ratio (IAB/ITB) rela-
tive amplitude, in patients suffering from CBP. The
specific objectives of this project were the: (i) devel-
opment and implementation of an EEG-NF protocol
targeting IAB/ITB ratio for attenuating the experi-
ence of pain; (ii) assessment of possible alterations of
the EEG signal throughout the treatment; (iii) eval-
uation of NF efficacy and applicability in patients
with chronic back pain by assessing their well-being
and pain level in a pre- and post-treatment state;
and (iv) analysis of the NF training’s impact on pa-
tients cognitive performance.

2. Methods
2.1. Participants

Eleven subjects with CBP were recruited from the
Unidade Multidisciplinar da Dor (UMD), at Centro
Hospitalar Lisboa Norte (CHLN), for a period of 3
months. Three of them quit after the pre-treatment
evaluation due to personal issues, and one subject
dropped out after 3 sessions of training. From the
remaining seven patients (6 females and 1 male),
four participants completed all 16 training sessions,
one performed 9 sessions, and two subjects reached
to the 7th session. The ages of the group were
ranged between 26 and 62 (mean=45.57±13.09).

This project was revised and approved by the
Ethics Committee of the Centro Académico de
Medicina de Lisboa and CHLN. An informed con-
sent comprising the description of the protocol, pos-
sible side effects and exclusion criteria was provided
to all participants. Before signing it, patients were
informed that the collected data could be published
keeping the anonymity. Participants were all volun-
teers, and no monetary award was given for their
cooperation in this study.

2.2. Acquisition Equipment

Acquisitions were carried out in a room provided
by the UMD at CHLN, or in a room of the Evo-
lutionary Systems and Biomedical Engineering Lab
(LaSEEB), a research lab of Institute for Systems
and Robotics (ISR), at Instituto Superior Técnico
(IST) facilities. For signals’ acquisition, an EEG
cap with 20 electrodes (including the ground elec-
trode) was placed on subjects head according to the
International 10-20 System, using the left and right
mastoids as references for common mode rejection.
The signal was recorded by Somnium software plat-
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form, with a sampling frequency of 250 Hz, from the
following electrodes: Fp1, F7, F3, T3, C3, T5, P3,
O1, Fz, Cz, Pz, Fp2, F8, F4, T4, C4, T6, P4 and O2.
For signal amplification, EEG amplifier Vertex 723
Q was used (produced by Meditron Electromedicina
Ltda, São Paulo, Brazil), with an analog band-pass
filter between 0.1 and 70 Hz, directly connected to
the cap. An impedance below 10 kΩ was maintained
for all electrodes.

2.3. Design

Patients were provided with 1-2 sessions per week,
completing a total of 16 sessions. Each session had a
duration of approximately 1h30, except the 1st, 7th
and last session, which lasted around 2h30, and in
which cognitive tests were conducted. On recruit-
ment day, all subjects performed a set of six psy-
chological tests before starting the NF treatment.
This set was again applied after the 7th session and
at the end of the treatment. Regarding NF ses-
sions workflow, the participants answered to a Pain
Rating Scale, in the beginning of the session and
right after the NF training. Resting baselines were
preceded by a 2-minute relaxed state and assessed
for both Eyes Open (EO) and Eyes Closed (EC),
recorded twice, alternately, for 1 minute each, at
the beginning and at the end of each session. The
active baseline (AB) was also measured after each
resting baseline. Cognitive tests were performed be-
fore the NF training in the 1st session, and after the
second active baseline in the 7th and last session.
The NF training consisted of 5 blocks, and each one
was composed by 10 trials of 30 seconds, with a 5-
seconds interval between them. Total NF time in
each session was around 30 minutes. To conclude
the session, participants answered the Mental State
Questionnaire. A transfer training was performed
from session 12 to 16, during which no feedback was
provided. For that purpose, a 1-min block composed
of 2 transfer trials of 30 seconds each was added after
the 5 training blocks.

2.4. Protocol

Based on the review of previous studies regarding
chronic pain and NF, the training protocol aims
to enhance IAB and, simultaneously, decrease ITB
band at Cz. Although other electrode training sites
have been used in NF to treat chronic pain, it is pos-
sible to obtain global effects on brain activity and
avoid abnormal imbalances in left/right hemispheres
by using a central site [5]. Regarding the training
frequency ranges applied in this protocol, the goal
was (1) to increase activity hypothesized to be corre-
lated with reduced pain information processing, and
(2) to decrease brain activity thought to be associ-
ated with the processing of nociceptive information
[5, 6, 9]. Therefore, since lower alpha activity has
been associated with increased pain perception, and

patients with chronic pain exhibit overactivations
within theta frequency range, the training consisted
of increasing the IAB/ITB ratio.

2.4.1 Individual Alpha Band and Individual
Theta Band

The first resting baseline was measured to define
the IAB of each subject. For that purpose, the sig-
nal was recorded for EO and EC and properly la-
beled after artifact removal. The crossing of both
spectra provide the IAB boundaries, i.e. the Lower
Transition Frequency (LTF) and Higher Transition
Frequency (HTF), as well as the Individual Alpha
Frequency (IAF). Although theses values are auto-
matically generated by the software, the researcher
was allowed to adjust them manually. Therefore, a
specific metric was created to obtain an IAB as ac-
curate as possible, taking into account subjects’ in-
dividual characteristics. Based on the approach of
Individual Bands and Fixed Widths (see [32]), the
metric developed on the present investigation relies
on using IAF as an anchor point, and fixing alpha
bandwidth (4 Hz), in order to calculate IAB bound-
aries. If IAF ≤ 10 Hz, one has

LTF = IAF − 2
[
1− |IAF − 10|

10

]
(1)

and HTF = LTF + 4 Hz.
Otherwise,

HTF = IAF + 2
[
1− |IAF − 10|

10

]
(2)

and LTF = HTF − 4 Hz.
To define ITB, the subject’s LTF was used

as the upper value of the theta band, with
the lower limit being LTF − 4 Hz. However, if
LTF − 4 Hz < 4 Hz, the lower limit of ITB was
maintained at 4 Hz, since signal acquisition becomes
more sensitive to eye blinking artifacts at lower fre-
quencies.

2.5. Neurofeedback training
The EEG training platform integrated in the Som-
nium software was used for the NF training.

2.5.1 Feedback parameters and display
Based on [33], the feedback parame-
ter is given by the alpha/theta ratio
(IAB RelativeAmplitude/ITB RelativeAmplitude),
being the IAB and ITB computed by the following
equations:

IAB RelativeAmplitude =

∑HTF/∆f
k=LTF/∆f X(k)

HTF − LTF∑30
k=3.9 X(k)

30− 3.9
(3)
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ITB RelativeAmplitude =

∑LTF/∆f
k=4/∆f X(k)

LTF − 4∑30/∆f
k=3.9/∆f X(k)

30− 3.9

,

(4)
in which X(k) is the frequency spectrum amplitude
calculated by fast Fourier transformation (FFT),
with a sliding window of 2 seconds that shifted ev-
ery 0.125 seconds, ∆f is the frequency resolution of
the FFT, and k is the spectrum index [34].

Regarding the NF display, two 3D objects (a
sphere and a cube in a gray background) were used
to reflect the feedback parameters in real time ac-
cording to the protocol settings previously estab-
lished. The feedback received by the participant de-
pends on the achievement of two goals. Goal 1 relies
on the relation between the EEG signal that is being
measured and a threshold value previously defined.
In this case, Goal 1 is achieved when alpha/theta
ratio value is above the threshold. Goal 1 is re-
flected when the sphere increases its size and goes
from white to purple. Goal 2 is accomplished when
Goal 1 is continuously achieved for more than 2 sec-
onds, and the cube rises. The threshold was set to 1
in the 1st session, and it could be adjusted accord-
ing to the percentage of time that the alpha/theta
ratio was above the threshold in each session. If the
percentage of time was higher than 60% or lower
than 20%, threshold was increased or decreased by
0.1, respectively, in order to hinder or facilitate the
NF training level.

2.5.2 Training

Before starting the training, it was explained to the
participants that they should first concentrate on
turning the sphere purple and increase its size as
much as possible. For that purpose, subjects were
encouraged to use several mental strategies during
the training and were advised to use a single one per
block to see which ones produced better results for
repeating them afterwards. Transfer training was
performed to assess the participants’ ability to con-
trol cortical activity without visual feedback. Dur-
ing the transfer trials, participants faced a static
screen, focusing on a certain point to avoid muscle
artifacts during EEG signal acquisition.

2.5.3 Active baseline

Based on the works of [35] and [36], an assessment
of 1-min recording in an open-eyes active state was
performed succeeding each resting baseline. The ac-
tive task was created based on the NF training dis-
play to assure comparability regarding the degree of
visual stimulation. It consisted of a slideshow with
purple and white circles that appeared randomly, in

which the subject was asked to count the number of
white circles. In each session, all the patients per-
formed the same set of two distinct active tasks (pre-
and post-NF), and this set was different throughout
sessions.

2.6. Measures

2.6.1 Psychological tests

A set of six psychological tests (applied in Por-
tuguese and validated for the Portuguese popu-
lation) was filled out by the patients for a pre-
treatment, intermedium, and post-treatment evalu-
ation of their well-being, health state and pain con-
dition. The tests were performed by the patients in
the following order: West Haven-Yale Multidimen-
sional Pain Inventory (WHY-MPI) [37], Pain Catas-
trophizing Scale (PCS) [38], 36-Item Short Form
Survey (SF-36) [39], Symptom Checklist 90 (SCL-
90) [40], State-Trait Anxiety Inventory (STAI), and
Beck Depression Inventory (BDI) [41].

2.6.2 Cognitive tests

In order to evaluate the effects of the NF training in
participants memory, attention and mental rotation
skill, five cognitive tests were carried out in the first,
seventh, and last sessions: Digit Span (Forward and
Backwards), N-Back, OddBall, and Rotation test.
The Digit Span consisted of 10 trials showing ran-
dom digits, where the person is asked to repeat them
in the same (Forward) or reverse (Backwards) or-
der. The first sequence was composed by 3 digits,
and its length increased in each trial, being the last
one composed by 13 digits. For the N-back test, it
was performed a 3-Back task with random numbers,
in which the participant had to decide if the current
item was the same appearing three positions before.
Twenty-three trials were performed, which resulted
in 20 answers. In the OddBall test, a series of ge-
ometrical shapes were randomly displayed, and the
participant was asked to click on the image’s center
only when a circle appeared. In the Rotation test,
two 3D figures were displayed, side by side, and the
participant had to decide if they are the same or
not. Twenty trials were presented.

2.6.3 Pain rating scale and Mental State
Questionnaire

The pain rating scale used in this experiment was
the Wong-Baker Faces Pain Rating Scale, which is
a tool used worldwide to help the patients commu-
nicate about their pain so that its management can
be addressed. This scale consists of six distinct car-
toon faces, being each one of them associated with a
certain state of pain, and also a numeric scale rated
from 0 to 10 [42]. In this study, the scale was first
explained to the subjects so they could be able to
choose the face that best depicted the pain that they
were experiencing. The scale was presented to pa-
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tients before each set of passive baselines, in order
to evaluate whether the NF training had immedi-
ate effects on their pain state or not. The Men-
tal State Questionnaire (provided by [43]) assessed
patients’ concentration, motivation, sleepiness, and
stress during training. This questionnaire provides
information regarding the influence of these four fac-
tors in subjects’ training performance.

2.7. Data pre-processing and extraction

Since not all the recruited participants reached to
the post-treatment evaluation, the data analysis was
performed on the period between the pre-treatment
(t0) and intermedium (t1) evaluation. The pre-
processing and extraction of information from the
raw EEG was performed using Somnium tools. Ar-
tifacts emerged during baselines’ measurement were
manually removed (with the exception of eye move-
ments) to avoid misinterpretation. To reduce the
occurrence of low frequency artifacts, the signal was
normalized from 3.99 Hz to 30 Hz. The registration
of the baselines was performed manually as Eyes
Open, Eyes Closed and Active Baseline events. The
events corresponding to the NF training were auto-
matically registered. Individual reports were gener-
ated and copied from Somnium to Excel files and ex-
tracted with MATLAB for further analysis. The fol-
lowing frequency bands were chosen for data assess-
ment: Alpha/Theta ratio (IAB/ITB), Individual
Theta Band (from 4 Hz to LTF), Individual Alpha
Band (from LTF to HTF), Individual Lower Alpha
Band 1 (from LTF to LTF+(IAF-LTF/2)), Individ-
ual Lower Alpha Band 2 (from LTF+(IAF-LTF/2)
to IAF), Individual Upper Alpha Band (from IAF
to HTF), SMR (from 12 to 15 Hz), Beta Band 1
(from 16 to 20 Hz), and Beta Band 2 (from 20 to 28
Hz).

2.8. Data treatment

Data treatment was conducted using the MATLAB
software (version R2016b). The visualization of
plots and the statistical analyses were performed us-
ing both MATLAB and R Studio software.

2.8.1 Training performance evaluation

Based on methods previously employed in studies
concerning learning [33, 43, 44], a set of learning
measures was defined to evaluate training perfor-
mance regarding the variation of alpha/theta ratio,
within and across sessions.

• Within sessions

W1: it computes, for each session (i), the dif-
ference between the last and first blocks, rela-
tive to the first block, and then averaged across

all training sessions:

W1 =

#sessions∑
i=1

(
block5 − block1

block1

)
i

#sessions
(5)

W2: it computes, for each session, the slope of
the linear regression (mi) that fits the evolution
of the relative amplitude of a certain frequency
band along blocks, and then averaged across
sessions:

W2 =

#sessions∑
i=1

mi

#sessions
, (6)

• Across sessions

A1: it computes the difference between the
mean of the last two sessions and the mean of
the first two, relative to the latter:

A1 =
Mean(S6, S7)−Mean(S1, S2)

Mean(S1, S2)
(7)

A2: it computes the slope (m) of the linear
regression that fits the evolution of a certain
frequency band along sessions: A2 = m.

Participants were considered as non-learners
when at least one of their learning measures describ-
ing the progression of the IAB/ITB ratio across ses-
sions presented a negative value (i.e. A1 < 0 or
A2 < 0 for IAB/ITB), meaning that these partici-
pants were not capable of increasing IAB/ITB along
time. Five out of seven participants were classified
as learners.

2.8.2 Evaluation of psychological effects
The assessment of possible psychological effects due
to the NF training was performed through scores’
changes of the 6 psychological tests applied. The
results obtained at the pre-treatment evaluation
(t0) were compared to those obtained at the inter-
medium evaluation (t1).

2.8.3 Evaluation of cognitive effects
For the Digit Span test evaluation (for both Forward
and Reverse), two indicators were chosen: ”Span”,
the maximum number of digits in a sequence that
the participant recalled in the correct order; and
”Score”, which is calculated according to the digit
span and to the ratio between the number of digits
remembered in the correct order and the total dig-
its showed. For the N-Back, OddBall and Rotation
tests, the ”% of Sucesses” (number of correct an-
swers/total number of trials) was the indicator used
to evaluate participants’ performance. The results
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obtained in the 1st session (t0) were compared to
those obtained in the 7th session (t1). The response
time was not taken into account on any of the tests.

2.8.4 Pain rating scale and mental state
evaluation

The pain ratings of each patient obtained before the
training (preNF ) were compared to those obtained
after the training (postNF ), for each session. The
averaged pain score change (∆ pain) was computed
for each patient to assess the correlation between
the decrease in pain and the training performance
within sessions, by using the W1 and W2 learning
measures. Regarding the Mental State question-
naire, the averaged scores of the four factors, of each
subject, were compared with the learning measures
A1 and A2.

2.9. Statistical analysis
From Shapiro-Wilk test computation, the normal-
ity premise can not be assumed in this experiment
since N = 7. Therefore, non-parametric tests and
medians (instead of means) were applied. To an-
alyze the observations’ differences between t0 and
t1 or pre-NF and post-NF regarding the measures
used, it was applied the Wilcoxon Signed Rank test.
Right-tailed tests were employed when there was a
prior hypothesis of an increase, as it was the case
for IAB/ITB and IAB relative amplitudes. A left-
tailed test was applied in the case of ITB, which was
expected to decrease over time. To assess a possi-
ble association between variables, it was applied the
Spearman’s rank correlation. A statistical signifi-
cance 0.5% was defined.

3. Results
3.1. Neurofeedback training
The NF training analysis was performed regarding
the alterations that occurred both across and within
sessions. To assess trainability, the evolution of the
IAB/ITB relative amplitude was examined, whereas
the variation of the other frequency bands was ob-
served in order to study at what extent they were
influenced by the training.

3.1.1 Across sessions
In Figure 1, it is possible to observe an increase of
the median IAB/ITB relative amplitude from the
1st to the 4th session and again from the 6th to the
7th session. Both medians of A1 and A2 were pos-
itive for IAB/ITB ratio and IAB band, whereas for
the theta band these values were negative. How-
ever, the Wilcoxon Signed Rank test revealed, for
both A1 and A2, that only the median of IAB was
significantly larger than zero (A1, A2: p = 0.039),
and that LA2 band median was statistically differ-
ent from zero (A1: p = 0.031; A2: p = 0.047).

When considering only learners, the medians of
both A1 and A2 were significantly larger than zero

for the IAB/ITB ratio (A1: p = 0.031; A2: p =
0.031), and significantly smaller than zero concern-
ing the ITB only for A1 (A1: p = 0.031; A2:
p = 0.062).
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Figure 1: Evolution across sessions during NF at Cz:
IAB/ITB relative amplitude; error bars show the median ab-
solute deviation.

3.1.2 Within session

Figure 2 illustrates the behavior of IAB/ITB rela-
tive amplitude within each session (represented by
the dashed curves), being the black curve a represen-
tation of the median amplitude values of all sessions.
Clearly, there is an increasing trend of the IAB/ITB
relative amplitude across blocks. Both W1 and W2
medians were positive for the IAB/ITB ratio, and
negative for the ITB. Nonetheless, it would be ex-
pected that both learning measures’ medians were
positive for the IAB, which is not observed. In fact,
the results from the Wilcoxon Signed Rank test re-
veal that the medians for both IAB/ITB and ITB
were significantly larger (W1, W2: p = 0.016) and
smaller (W1: p = 0.039; W2: p = 0.016) than zero,
respectively, whereas no p-value under 0.05 was ob-
tained for IAB or any of its components. Also, the
median of W1 for Beta2 was significantly different
from zero (p = 0.047).

Considering only learners, the medians of both
learning measures were significantly greater than
zero for IAB/ITB (W1, W2: p = 0.031), and lower
than zero for the ITB (W1, W2: p = 0.031). Again,
no statistically significant effects were observed re-
garding the IAB or its components.
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Figure 2: Evolution within session during NF at Cz:
IAB/ITB relative amplitude; the dashed lines correspond to
the median for all participants for a given session; error bars
show the median absolute deviation.
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3.2. Resting and Active Baselines

To analyze if significant differences occurred be-
tween pre- to post-NF training, the Wilcoxon Signed
Rank test was performed, for EO, EC and AB, to
compare IAB/ITB amplitude values of the pre-NF
baseline from the 1st session with the values ob-
tained in the post-NF baseline from the 7th ses-
sion. No statistically significant changes were ob-
served regarding the EC baseline and AB, whereas
a p-value under 0.05 was obtained for the EO base-
line (p = 0.047).

3.3. Measures’ evaluation

The measures used in this experiment were analyzed
in order to assess if alterations in participants’ well-
being, pain and cognition occurred between the first
(t0) and seventh (t1) sessions.

3.3.1 Psychological tests

From the Wilcoxon Signed Rank test’s results, no
statistically significant differences were observed be-
tween the scores in t0 and t1 in any of the domains
of all the tests performed.

3.3.2 Cognitive tests

The results obtained from the Wilcoxon Signed
Rank test showed that there were significant changes
from t0 to t1 in both Digit Span scores (DS For-
ward: p = 0.036; DS Reverse: p = 0.031), and also
in the Rotation test score (p = 0.016). To evalu-
ate whether the NF training performance had influ-
enced participants’ performance in cognitive tests,
the Spearman’s correlation was computed between
the scores of each cognitive test and the learn-
ing measures across sessions (A1 and A2). It was
found a significant negative correlation between the
score change in Rotation test and both A1 and A2
(rs = −0.815, p = 0.025).

3.3.3 Pain rating scale and Mental State
Questionnaire

The results obtained from the Wilcoxon Signed
Rank test revealed that there were no significant
changes in pain from pre- to post-NF training in any
session. The Spearman’s correlation of the ∆ pain
with the IAB/ITB relative amplitude obtained in
each session was computed for each patient, but no
p-values under 0.05 were obtained. Also, when com-
puting the same correlation between ∆ pain and W1
and W2, no significant results were observed.

Regarding the Mental State Questionnaire, sub-
jects reported higher scores of concentration and
motivation than of sleepiness and stress. However,
when computing the correlation between each of the
four averaged scores and each of the learning mea-
sures along sessions, i.e., A1 and A2, no significant
results were obtained.

4. Discussion
4.1. Training effects
Based on the concepts of [35] work, we aimed to
study trainability, i.e. the existence of effects result-
ing from the training in the target frequency, which
is, in this case, the IAB/ITB ratio. Moreover, inde-
pendence was also assessed in order to see if these
potential effects had intervene or not in the other
frequency bands’ behavior.

4.1.1 IAB/ITB ratio, IAB and ITB
According to the results obtained for all subjects
and the whole training, participants were able to
learn to increase their alpha band, specifically the
LA2 band. However, trainability was not verified for
the IAB/ITB across sessions, presumably because
participants were not able of significantly decrease
their theta band throughout sessions. Within ses-
sion, one may observe that the median IAB/ITB
relative amplitude is gradually rising across blocks.
Regarding the results from the statistical analy-
sis, trainability was verified for the IAB/ITB ra-
tio. Participants were able to successfully decrease
their theta band, but failed on enhancing their al-
pha band. In Figure 2, it is possible to visualize
the behavior of the alpha/theta ratio along blocks
in each session. In the first two sessions, the vari-
ations of IAB/ITB relative amplitude are less pro-
nounced than in the following sessions. This may re-
flect participants’ ability to alter their brainwaves’
activity, which becomes easier as they keep train-
ing; in other words, in a period of 5 minutes (that
corresponds to one block), subjects can increase or
decrease more rapidly their amplitudes as the num-
ber of sessions progresses. Nonetheless, from the 3rd
session, these variations of amplitude become more
pronounced from the 2nd block. Although partic-
ipants already know sessions’ procedure, this may
happen because, in the first 5-min block, they are
still trying to concentrate and disconnect from the
external environment. So, the first block may be de-
fined as an ”adaptation period” within each session.

Considering only learners, participants were ca-
pable of significantly enhancing their alpha/theta
ratio, not by increasing IAB, but by significantly
decreasing their theta band across sessions. Statis-
tical significance was obtained in both A1 and A2
for IAB/ITB ratio, and the median of A1 for ITB
was significantly smaller than zero, but the same did
not happen regarding A2. This could be explained
by the fact that A1 reflects the learning progres-
sion taking into account the first and the last two
training sessions, while A2, which corresponds to the
slope of the linear regression along sessions, takes
into consideration the seven sessions. Therefore, a
slight variation of the ITB amplitude in the 3rd, 4th
or 5th session may have influenced A2 computation,
which in turn was reflected on the statistical analy-

7



sis. Within sessions, trainability was once again ver-
ified since learners were able to significantly increase
IAB/ITB and decrease ITB. Nonetheless, they were
not able to considerably enhance their alpha band.

The disparity between across and within ses-
sion learning (when considering all participants)
has been discussed in similar studies [45, 46].
For instance, when training subjects to increase
their theta/alpha ratio, Egner et al. (2002) [45]
found a significant linear increase in theta/alpha
ratio within session, but no significant linear or
other polynomial trend across sessions was obtained.
They suggested that several variables, such as the
emotional state or the amount of sleep during the
night before the session, may have interfered in the
assessment of ”between-session effects” and were
hardly controllable. Moreover, authors hypothe-
size that a larger number of sessions (more than
5) would provide more grounded results regarding
”across-session learning effects”. Extrapolating to
this work, since sessions’ appointments were con-
strained by subjects’ availability, the time of the day
for the training was not held constant across sessions
for all participants, which may have precluded the
detection of significant effects along sessions.

When analyzing IAB and ITB independently,
one may observe that in the circumstances where
IAB/ITB ratio had significantly improved, no sig-
nificant alterations were seen for the alpha band
progression, but only for the theta band. Accord-
ing to [47], alpha and theta are related to each
other but in opposite ways. Hence, it would be ex-
pected that, when enhancing IAB, ITB would de-
crease. However, considering all participants and
the training across sessions, IAB significantly in-
creases while ITB decreases but not substantially,
which may mean that, although these bands evolve
in opposite directions over time, their progression
is not proportional. When separating non-learners
from learners, a similar situation happened: ITB de-
creased significantly, and IAB was enhanced but not
considerably. From this, we can speculate that non-
learners learned how to increase IAB but not ITB
over time. On the other hand, in the within ses-
sion assessment, all patients successfully decreased
ITB, but the medians of W1 and W2 were nega-
tive for IAB, meaning that trainability was not ver-
ified for the alpha band across blocks. The same
happened when considering only learners. Taking
this information into account, it is known that al-
pha and theta activities are physiologically related
and diverge in opposite ways albeit not extensively
along time, making it harder to obtain statistical sig-
nificance when training them simultaneously. Per-
haps, a protocol consisting in training both bands
but in different sessions would provide a better un-
derstanding about their behavior.

4.1.2 Other frequency bands

The behavior of the relative amplitudes of other fre-
quency bands (SMR, beta and beta2) was also as-
sessed within and across sessions and only during
the NF training, so independence could be stud-
ied. Considering all patients, trainability was veri-
fied for IAB/ITB within session, although indepen-
dence was not present, since significant alterations
were observed only in the beta2 band concerning
W1. High-frequency neural activity has been as-
sociated to muscle activity [48], which leads us to
think that this significant alteration of the beta2
band may be due to facial movements during the
NF training. Across sessions, no statistically sig-
nificant changes were found for the SMR, beta and
beta2 bands, thus independence was verified.

4.1.3 Resting and active baselines

For the IAB/ITB ratio, no significant training ef-
fects were observed neither in the EC baseline nor in
the active baseline for all subjects. However, when
comparing IAB/ITB amplitude values of the pre-
NF baseline measured in the 1st session with the
values obtained in the post-NF baseline in the 7th
session, significant changes were observed for the EO
baseline. The measurement of resting baselines may
be influenced by a variety of uncontrollable factors,
such as subjects’ intrinsic characteristics, the time
of day of EEG acquisition, subjects’ emotional state,
among others [49]. Therefore, it is difficult to clearly
know whether baseline’s variations are due to NF
training or external factors.

4.2. Psychological evaluation

From pre- to post-treatment evaluation, no signifi-
cant differences were found in any of the domains
of all the tests performed. Notwithstanding, some
patients reported that they were experiencing more
calmness and serenity from the moment the exper-
iment started. As [28] referred, patients may feel
better just by the simple fact of coming to the ses-
sions.

4.3. Cognitive performance

Statistical significance was obtained for both scores
of Digit Span test (Forward and Reverse), but not
for the spans. Nonetheless, these results were not
correlated with subjects’ training performance re-
garding their alpha/theta ratio. Also in the Rota-
tion test, statistical differences from t0 to t1 were
obtained. However, when computing the correla-
tion between test’s scores and training performance
across sessions, a negative correlation was observed
(with both A1 and A2). No obvious explanation was
found, possibly indicating that subjects improved
their mental rotation skills due to factors that tran-
scend NF training.
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4.4. Pain and Mental State evaluation

The fact that no significant correlations were found
between the four states and the training perfor-
mance measures across sessions may rely on the fact
that a numerical scale of five points was used for
classifying each state, being participants’ response
based on their personal opinion and experience, and
thus subjective.

From the pain rating scale results, no significant
decrease in pain was observed from pre- to post-NF
training in any session for all patients, nor when
analyzing each subject individually. Assessing pain
is usually challenging, since the scales that are fre-
quently used lack sensitivity, and the one used in
this experiment is no exception. Moreover, it is nec-
essary to have in mind that rating pain depends on
patients’ pain perception, i.e. some of them may
have higher tolerance comparatively to others, and
thus, subjectivity may be present. On the other
hand, medication is another factor to consider, since
stronger analgesics can be camouflaging aggressive
symptoms that patients usually feel when not taking
them, which may influence their response.

5. Conclusions

The main objective of this experiment was to in-
vestigate the potential benefits of applying NF in
patients suffering from chronic back pain. For this
purpose, an EEG-NF protocol targeting the increase
of IAB/ITB ratio, at Cz, was developed and im-
plemented aiming to alleviate patients’ pain experi-
ence.

Although some patients reported that they were
experiencing tranquility as the treatment was pro-
ceeding, statistical analysis did not reveal differences
in subjects’ pain level. Therefore, it was considered
that the protocol used may not be sufficiently spe-
cific for chronic back pain and thus further stud-
ies should be performed in order to refine it. For
instance, it is believed that, due to their physical
condition, subjects would benefit more from a NF
training comprising less time-consuming but inten-
sive sessions. Therefore, a rearrangement of the pro-
tocol design is suggested, including the addition of
a follow-up period to assess NF long-term effects.
Before starting the treatment, an EEG recording of
each individual would possibly provide information
regarding patients’ brain activity, and, perhaps, a
more personalized protocol could be designed.

Despite the improvements observed in patients’
training performance over the first half of the pro-
cedure, it is important to further evaluate the out-
comes for the whole treatment that was designed in
first place. By increasing sample size and adding a
control group, it is expected that stronger conclu-
sions can be drawn. Nonetheless, these preliminary
findings provide additional evidence for the NF po-

tential efficacy in the treatment of chronic back pain,
suggesting further investigation for a deeper under-
standing.
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modulatory treatments for chronic pain: efficacy and
mechanisms. Nature Reviews Neurology, 10(3):167,
2014.

[6] Herta Flor. Psychological pain interventions and neu-
rophysiology: Implications for a mechanism-based ap-
proach. American Psychologist, 69(2):188, 2014.

[7] Eulalia Silva dos Santos Pinheiro, Fernanda Costa
de Queiros, Pedro Montoya, Cleber Luz Santos, Mar-
ion Alves do Nascimento, Clara Hikari Ito, Manuela
Silva, David Barros Nunes Santos, Silvia Benevides, José
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