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� This is the first study to examine, in the same sample, the effects of hypnosis, meditation, transcranial
direct current stimulation (tDCS), and neurofeedback on pain and brain oscillations, relative to a con-
trol procedure.

� Each procedure resulted in oscillation changes that differed from the control procedure and from each
other, suggesting different modes of action on brain activity.

� Changes in pain intensity associated with the procedures were not, however, significantly associated
with changes in brain oscillations, suggesting that brain activity measures used in this study do not
reflect pain intensity.

a b s t r a c t

Objective: To (1) evaluate the effects of a single session of four non-pharmacological pain interventions,
relative to a sham tDCS procedure, on pain and electroencephalogram- (EEG-) assessed brain oscillations,
and (2) determine the extent to which procedure-related changes in pain intensity are associated with
changes in brain oscillations.
Methods: 30 individuals with spinal cord injury and chronic pain were given an EEG and administered
measures of pain before and after five procedures (hypnosis, meditation, transcranial direct current stim-
ulation [tDCS], neurofeedback, and a control sham tDCS procedure).
Results: Each procedure was associated with a different pattern of changes in brain activity, and all active
procedures were significantly different from the control procedure in at least three bandwidths. Very
weak and mostly non-significant associations were found between changes in EEG-assessed brain activ-
ity and pain.
Conclusions: Different non-pharmacological pain treatments have distinctive effects on brain oscillation
patterns. However, changes in EEG-assessed brain oscillations are not significantly associated with
changes in pain, and therefore such changes do not appear useful for explaining the benefits of these
treatments.
Significance: The results provide new findings regarding the unique effects of four non-pharmacological
treatments on pain and brain activity.
� 2013 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
f Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Despite the important advances in our scientific understanding
of pain and its causes, chronic pain remains a significant health
problem worldwide with profound negative impacts on individuals
and society (Institute of Medicine Committee on Advancing Pain
Research Care and Education, 2011; Nakamura et al., 2011; Reid
et al., 2011; Schopflocher et al., 2011). Models of pain popular in
the 20th century and earlier focused on peripheral activity. How-
ever, research in the late 20th and early 21st centuries has estab-
lished CNS structures as playing a key role in the development
and experience of chronic pain (Apkarian et al.,2009; Jensen,
2010). We now know that while nociception (information about
damage or potential damage sent to the CNS from the periphery)
plays a role in some chronic pain problems, nociception is neither
necessary nor sufficient for someone to experience pain. Rather,
pain is now recognized to be the result of a complex interaction
of activity in multiple cortical–subcortical neural networks and
processes (Jensen, 2010). Research has also demonstrated that cen-
tral neural networks are plastic: ongoing activation of pain-related
central networks can lead to changes in these networks, consoli-
dating and thus facilitating pain processing even independent of
peripheral neural activation (Gustin et al., 2012). This growing rec-
ognition of the importance of CNS among pain researchers and cli-
nicians has contributed to a concomitant interest in interventions
– many of them non-pharmacological – that directly or indirectly
target cortical or subcortical activity as ways to manage pain
(Moseley and Flor, 2012).

Interventions that target CNS activity include hypnosis, electro-
encephalographic (EEG) biofeedback (also known as neurofeed-
back), meditation training and practice, and transcranial direct
current stimulation (tDCS). However, the extent to which these
treatments operate via their effects on CNS activity and whether
these CNS effects are similar or different across treatments has
not yet been elucidated.

At its most basic, hypnosis can be viewed as having two compo-
nents: (1) a hypnotic induction (‘‘. . .initial suggestions for using
one’s imagination’’; p. 262, Green et al., 2005) followed by (2)
‘‘. . .suggestions for changes in subjective experience, alterations
in perception, sensation, thought, or behavior’’ (p. 262, Green
et al., 2005). Although treatment response to suggestions without
a formal hypnotic induction is possible, research indicates that re-
sponses to suggestions are stronger when a hypnotic induction is
part of the procedure (Derbyshire et al., 2004). As might be ex-
pected, hypnotic treatments for chronic pain usually include sug-
gestions for experiencing reductions in pain intensity or
increases in the ability to ignore pain. In addition, hypnotic pain
treatment often also includes suggestions for changes in pain-re-
lated thoughts and behaviors (Jensen et al., 2011; Patterson and
Jensen, 2003).

In neurofeedback, subjects are given direct information about
their brain states – usually as measured by EEG – and asked to
use this information to directly alter brain activity thought to be
related to specific behaviors (e.g. pain; Jensen et al., 2007a; Sime,
2004).

Meditation may be the most difficult non-pharmacological
intervention to define, given the many procedures and activities
that have been described as meditation. However, most of these
can be classified into two primary types: (1) ‘‘mindfulness’’ medi-
tation (paying attention to one’s current experience in a nonjudg-
mental way; Carmody, 2009) and (2) ‘‘concentration’’ meditation
(purposeful concentration on a single stimulus, such as one’s
breathing or a single word or phrase; Dunn et al., 1999).

tDCS involves the application of weak electrical direct currents
(1–2 mA) over the scalp using usually two electrodes – a positive
anode electrode and a negative cathode electrode. In pain, the most
Please cite this article in press as: Jensen MP et al. Effects of non-pharmacol
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common electrode montage consists of placing the anode electrode
over the primary motor cortex and the cathode electrode over the
supra-orbital area (Fregni et al., 2006). tDCS has been shown to
provide a sufficient amount of electrical current to reach cortical
areas and modify cortical excitability (Brunoni et al., 2012; Wagner
et al., 2007).

Evidence supports the clinical efficacy of hypnosis for reducing
chronic pain intensity (Jensen and Patterson, 2006; Patterson and
Jensen, 2003). Preliminary evidence also supports the potential
for neurofeedback (Caro and Winter, 2011; Kayiran et al., 2010),
meditation practice (Marchand, 2012; Zeidan et al., 2011), and
tDCS (Fenton et al., 2009; Fregni et al., 2006) for reducing chronic
pain intensity. Importantly, research findings from a number of
sources suggest the possibility that these treatments might be
effective, at least in part, because they alter brain states. Moreover,
these cortical changes may be reflected in oscillatory cortical elec-
trical wave activity that can be measured by EEG. For example,
both acute and chronic pain studies have shown reproducible
changes of increased ‘‘fast’’ (beta [13–35 Hz]) brainwave activity
thought to be related to active information processing, and re-
duced ‘‘slow’’ (mostly alpha [8–12 Hz], but also in some studies,
theta [4–7.5 Hz]) brain activity associated with subjective relaxa-
tion (e.g., Bromm and Lorenz, 1998; Chen et al., 1983). Interest-
ingly, hypnosis and meditation have been shown to increase
slow wave activity, especially theta activity (Crawford, 1990; Fell
et al., 2010; Williams and Gruzelier, 2001). Further, neurofeedback
for pain treatment commonly seeks to reduce fast wave and in-
crease slower wave activity (Jensen et al., 2007a; Sime, 2004).
Based on these findings, it would be reasonable to hypothesize that
increases in slower wave activity (e.g., theta and alpha) and de-
creases of faster wave activity (e.g., beta) would be associated with
reductions in pain intensity.

Although non-pharmacological interventions theoretically re-
duce pain by altering brain activity, no studies have performed
head-to-head comparisons of the effects of these treatments on
brain activity. Nor have any studies examined associations be-
tween cortical effects of different treatments and treatment-
related changes in pain intensity in the same sample. Increased
knowledge about the effects of these treatments on EEG and the
associations between changes in EEG activity and changes in pain
is important for a number of reasons. First, although each of these
treatments appears on the surface to be different, it is possible that
they share common underlying mechanisms for reducing pain. For
example, it is possible that all of these treatments effectively re-
duce pain via altering activities associated with reduced fast wave
and/or increased slow wave EEG activity. If this were found to be
the case, then future research could determine which of these
treatments (or which combination(s) of treatments) might work
to produce the most profound and longest lasting effects on those
EEG bandwidths that are most closely linked to pain relief. On the
other hand, if each of these treatments has different effects on
brain activity, this would suggest that they operate via different
mechanisms. In this case, it is possible that treatments might at
times act at odds with each other, and maximizing treatment effi-
cacy may involve matching patients to treatments most effective
for their particular condition. Alternatively, different mechanisms
of action might be combined synergistically. Such an approach
has been shown effective for the combination of noninvasive brain
stimulation and antidepressants for the treatment of depression
(Brunoni et al., in press).

Given these considerations, the primary purposes of this study
were to: (1) determine the effects of a single session of hypnosis,
neurofeedback, tDCS, and a concentration meditation procedure
on EEG-assessed bandwidth activity, relative to a sham (placebo)
tDCS procedure; (2) compare the efficacy of each procedure for
reducing pain intensity in a sample of patients with chronic pain
ogical pain treatments on brain states. Clin Neurophysiol (2013), http://
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(specifically, in this case, patients with spinal cord injury [SCI] and
chronic pain); and (3) identify the EEG-assessed bandwidth activ-
ity measures and scalp locations that are most strongly associated
with improvements (reductions) in pain intensity in a sample of
patients with chronic refractory pain. This last question is particu-
larly important for establishing neurofeedback protocols that re-
quire selection of specific scalp regions for training.

Based on previous research (e.g., Graffin et al., 1995; see also re-
view by Crawford and Gruzelier, 1992), we hypothesized that hyp-
nosis would result in increases in theta activity. Given that
hypnosis’ effects on alpha activity have been inconsistent in previ-
ous research (Crawford and Gruzelier, 1992), and its effects on
beta, delta and gamma have been very rarely studied, we did not
have a priori hypotheses about the effects of hypnosis on band-
width activity other than theta. For meditation, there is a fairly
consistent finding that meditation practices are associated with in-
creases in both theta and alpha band activity (Cahn and Polich,
2006); we therefore hypothesized significant increases in these
oscillations following meditation. Based on previous research dem-
onstrating that neurofeedback has effects on EEG activity consis-
tent with training protocols for slower wave activity and weaker
effects on faster beta activity (Egner et al., 2004; Egner and Gruze-
lier, 2004; Egner et al., 2002; Gevensleben et al., 2009; Kayiran
et al., 2010), we hypothesized that a single-session neurofeedback
protocol that reinforced more alpha activity and less beta activity
would result in significant increases in alpha oscillations only. Gi-
ven a tendency for tDCS to be associated with more fast wave
(beta) and less slow wave (delta, theta, alpha) activity in areas that
lie under the positive lead (Ardolino et al., 2005; Jacobson et al.,
2012; Keeser et al., 2011; Maeoka et al., 2012), we hypothesized
more beta and less delta, theta, and alpha activity following tDCS,
especially in the anterior scalp regions where the positive lead was
placed. Finally, we anticipated that the sham tDCS procedure
would have no systematic effects on brain oscillations.

In terms of the effects of these interventions on pain intensity,
we hypothesized based on previous research (e.g., Jensen et al.,
2009) that a single session of hypnosis would result in significant
decreases in pain intensity. We also predicted that the sham tDCS
procedure would not be associated with significant pain reduc-
tions. Most efficacy research for meditation, neurofeedback and
tDCS has studied response to several treatment sessions. Therefore,
we anticipated a single session of each would likely result in mod-
est decreases in pain intensity and correspondingly small effects on
EEG parameters which may not be statistically significant (e.g.,
Buhle and Wager, 2010; Fregni et al., 2006; Jensen et al., 2007a).

Regarding the associations between changes in bandwidth
activity and pain, and given research that has linked both alpha
and beta to pain intensity (Jensen et al., 2008), we predicted that
increases in alpha and decreases in beta activity would be associ-
ated with pain reduction. Finally, we did not have strong a priori
hypotheses regarding the associations between changes in EEG
activity at specific electrode sites and changes in pain. This is
mostly because such site-specific analyses have been rarely done.
However, based on the known effects of these treatments on
EEG, we speculated some site-specific associations. For example,
given that anodal (positive lead) tDCS appears to increase faster
wave (beta) activity and meditation and hypnosis both increase
slower wave (alpha and theta) activity, we speculated that pain
reductions with tDCS might be associated with increases in beta
as measured over the motor cortex (perhaps representing activa-
tion of inhibitory processes in subcortical areas such as thalamic
areas), and that pain reductions with hypnosis and meditation
might be associated with increases in slow wave activity above
or near the sensory cortices (perhaps representing decreased activ-
ity in these areas associated with less processing of nociceptive
information).
Please cite this article in press as: Jensen MP et al. Effects of non-pharmacol
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2. Methods

2.1. Participants

One hundred eighteen potential participants (patients with SCI
identified from an existing patient registry or medical records)
were screened for participation in the study. Inclusion criteria for
study participation included: (1) age at least 18 years; (2) being
at least 12 months post SCI; (3) daily SCI pain for at least 6 months;
(4) average daily SCI pain of greater than 3 (on a 0–10 scale) over
the prior week at screening; and (5) ability to read, write and
understand English. Study exclusion criteria included: (1) history
of seizure disorder; (2) significant brain injury or skull defect as
determined during physical exam; (3) non-normative brain activ-
ity as detected by initial EEG assessment; (4) a medical condition
unrelated to the SCI that could impact or otherwise interact with
pain scores; (5) significant psychological or psychiatric disturbance
(specifically, active suicidal ideation with intent or evidence of sig-
nificant paranoia); and (6) hospitalization for psychiatric reasons
in the past six months. In order to participate in each day’s proce-
dures (which included an EEG assessment before and after each
treatment), participants must, on that day: (1) report a current
pain intensity level of at least 3 on a 0–10 scale and (2) if female,
report that they are not experiencing menses.

Of the 54 individuals who were contacted and who met the
study inclusion criteria, 18 declined participation for various rea-
sons (e.g. concerns over the tDCS procedure, lack of transportation,
family emergency, or did not respond after the initial screening
where they were found eligible for the study). Of the 36 remaining
participants, 3 were deemed ineligible during the initial medical
screening evaluation, 1 was found to be sensitive to the EEG gel
at the first EEG assessment and therefore chose not to continue
participation, and the last one reported no pain at the baseline
visit.

The remaining 31 individuals were randomly assigned to re-
ceive the five procedure conditions in one of five orders, using a La-
tin square design. All 31 participants received the hypnosis,
neurofeedback, and meditation conditions (described below).
However, one participant was not included in any of the analyses,
because his EEG measures had an anomalous reading from one sin-
gle electrode that was consistent across all treatment conditions.
Another participant dropped out of the study before completing
the tDCS and sham procedures. For other participants, some EEG
measures within individual (but not all) treatment conditions were
excluded when participants indicated that they wished to stop the
procedure due to discomfort, that they had ingested medication
that could affect EEG measures, or when the EEG readings them-
selves were unusable. Thus, the EEG and pain measures that com-
prise the analytic dataset include 30 participant treatment sessions
from the meditation and neurofeedback conditions, 29 from the
hypnosis condition, 28 from the tDCS condition, and 27 from the
sham tDCS treatment conditions. Study participant demographic
and pain type information are presented in Table 1. All of the study
procedures were approved by the University of Washington Insti-
tutional Review board, and all participants signed informed con-
sent forms prior to participation.
2.2. Medical screening evaluation and baseline assessment

At an initial (baseline) visit, the study physician performed a
medical evaluation to confirm eligibility and ensure that the pain
problem (or any other medical problem) did not require immediate
medical attention. The evaluation also included the use of a stan-
dardized protocol to classify the participants’ pain as neuropathic
or nociceptive (Cardenas et al., 2002). The subject’s most signifi-
ogical pain treatments on brain states. Clin Neurophysiol (2013), http://
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Table 1
Study participant descriptive information.

Variable Range or number Mean or percent

Age in years 22, 77 49.16
Sex

Men 22 73%
Women 8 27%

Ethnicity
White 25 83%
Black 1 3%
Asian 1 3%
Hispanic 2 7%
More than one racea 1 3%

Highest education level
Some high school 1 3%
High school or GED 3 10%
Some college 11 37%
College graduate 12 40%
Graduate school 3 10%

Marital status
Married 8 27%
Divorced 5 17%
Unmarried, living with partner 3 10%
Never married 14 47%

Pain type
Neuropathic 11 37%
Nociceptive 2 7%
Mixed 17 57%

ASIA impairment score⁄

Level 1 17 59%
Level 2 5 17%
Level 3 2 7%
Level 4 5 17%

Note: GED = Graduate Equivalency Degree
⁄One subject’s sensation deficit was not clearly attributable to SCI, so the evaluating
physician was unable to assign level by clinical exam, although the SCI diagnosis
was confirmed by radiographical exam.

a One subject described himself as White and American Indian.
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cant pain locations were recorded. The medical evaluation also in-
cluded an ASIA impairment assessment (Kirshblum et al., 2011;
Marino et al., 2003).

2.3. Measures

2.3.1. Pain intensity
Pain intensity experienced during the 10 min EEG assessment

procedures before and after each procedure was assessed using a
series of 0–10 Numerical Rating Scales (NRS) with 0 = ‘‘No pain
sensation’’ and 10 = ‘‘The most intense pain sensation imaginable’’.
Current, least, worst and average pain (for the latter three intensity
domains, pain ‘‘in the past five minutes’’) were assessed five min-
utes and then again 10 min after the start of the EEG assessment.
Thus, eight 0–10 pain intensity ratings were obtained for each
EEG assessment. These eight ratings were averaged to compute a
single composite score of characteristic pain intensity experienced
during the EEG assessments. A great deal of evidence supports the
reliability and validity of 0–10 NRSs as measures of pain intensity
(Jensen and Karoly, 2001). Moreover, the use of composite pain
scores is recommended as a way to increase measurement reliabil-
ity and validity (Jensen et al., 1999).

2.4. Procedures

2.4.1. Day before and day of procedure screening
The day before each study visit, subjects were contacted via

telephone and given recommendations (e.g., to wash their hair
and not use hair products) to prepare for the EEG assessments
and procedures. The morning of each visit, subjects were tele-
phoned again and asked to report their current pain level to assess
Please cite this article in press as: Jensen MP et al. Effects of non-pharmacol
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eligibility for participating that day. Women were also asked to
confirm they were not experiencing menses.

2.4.2. EEG recording
To prepare for the EEG recordings, each participant’s forehead

and earlobes were prepped with Nuprep (Weaver and Company,
Aurora, CO). Next, an electrode cap with pre-measured sites using
the international 10/20 system was fit to each subject. Each elec-
trode site was then filled with Electrogel (Electro-Cap Interna-
tional, Eaton, OH) and prepped to ensure impedance values
between 3 and 5 kOhms between each electrode site and each
ear individually, as well as between the ears. Electroencephalo-
graph (EEG) data were digitally recorded using the WinEEG (Mit-
sar, St. Petersburg, Russia) acquisition software utilizing 19
electrodes referenced to A1 and A2 (linked ear montage) (Jasper,
1958). The signals were sampled at 250 Hz, amplified, and filtered
using a bandpass of 0.3–27 Hz. EEG was recorded for 20 min (dur-
ing 10 min eyes open and 10 min eyes closed conditions) at an ini-
tial evaluation session, and then again for 10 min (eyes closed)
before and after each treatment procedure. A trained researcher
monitored each subject during the recording and ensured that
the subject remained awake.

The initial baseline EEG assessment was used to both habituate
the subject to the EEG procedures and to screen for potential sei-
zure or abnormal brain activity. All subjects were asked to engage
in standardized cognitive tasks during the eyes closed conditions
(specifically, to view a beach scene and then to keep that image
in mind for 10 min of eyes closed EEG) to help control for cognitive
activity that might affect the EEG measures. The initial baseline
EEG was reviewed within 72 h of data collection by the study phy-
sician (who is a neurologist with expertise in electroencephalogra-
phy) to determine if any abnormal brain activity was present
which would prevent the subject from continuing with the five
procedure visits.

2.5. Treatment conditions

Each treatment procedure session lasted 20 min.

2.5.1. tDCS
The ActivaDose constant current stimulator (ActivaTek, Salt

Lake City, USA) was used to apply 2ma of stimulation for 20 min
using a saline-soaked rubber sponge anode electrode (35 cm2).
This device has a maximum output of 4 mA. The anode electrode
was placed over the left central scalp overlying motor cortex (C3
in the EEG 10/20 system) in participants with bilateral or right-
sided pain, and the cathode electrode was placed over the contra-
lateral supraorbital area. The right primary motor cortex (C4) was
stimulated if subjects reported predominant left sided pain. Of the
28 participants who received active tDCS, 22 (78.6%) received left
motor cortex stimulation and 6 (21.4%) received right primary mo-
tor cortex (M1) stimulation.

2.5.2. Sham tDCS
Sham tDCS consisted of 10 s of 2 mA of direct stimulation using

the ActivaDose (over the left or right motor cortex, as appropriate)
which was gradually reduced to 0 mA after 10 s using the same
placement of electrodes listed above. This method of blinding has
been previously shown to effectively control for active tDCS; that
is, individuals are not able to distinguish this procedure from active
tDCS (Fregni et al., 2006a; Gandiga et al., 2006).

2.5.3. Hypnosis (HYP)
During the HYP procedure, participants listened to a recording

of a standard hypnotic induction followed by five suggestions for
reduced pain and suffering; specifically, suggestions were given
ogical pain treatments on brain states. Clin Neurophysiol (2013), http://

http://dx.doi.org/10.1016/j.clinph.2013.04.009
http://dx.doi.org/10.1016/j.clinph.2013.04.009


M.P. Jensen et al. / Clinical Neurophysiology xxx (2013) xxx–xxx 5
for: (1) comfortable relaxation; (2) decreased negative affective re-
sponse to pain; (3) pain reduction; (4) imagined analgesia; and (5)
altered sensations. The suggestions were based on those demon-
strated to be effective for reducing pain in persons with SCI (Jensen
et al., 2009).

2.5.4. Neurofeedback (NF)
For NF, electrodes were placed over the temporal lobes bilater-

ally (at T3 and T4 in the EEG 10/20 system), on each earlobe (which
were used as reference for each temporal placed active electrode),
and a ground electrode was placed either on the mastoid behind
the ear or close to the hairline above the forehead on men with a
receding hairline. EEG activity was amplified using NeXus-4
(MindMedia B.V., The Netherlands) and Biotrace4 software (Mind-
Media B.V., The Netherlands) to provide participants with feed-
back. Contingencies were set such that increases in alpha activity
(8–12 Hz) and decreases in high beta activity (18–30 Hz) were
reinforced. T3 and T4 were selected as training sites because they
were used in some studies that showed promising results (Jensen
et al., 2007a; Sime, 2004), and alpha activity was reinforced and
beta activity was suppressed because these oscillations have been
found to be negatively and positively associated with pain inten-
sity, respectively, in previous research (Bromm and Lorenz, 1998;
Chen, 1993, 2001).

2.5.5. Meditation
Participants in the meditation condition were given standard

‘‘relaxation response’’ instructions in which they were asked to se-
lect a single neutral word to focus on (any preferred word if they
had one or the word ‘‘one’’ if they had no preference) and repeat
that word to themselves for the entire 20 min session (Benson,
1975).

2.6. Data Analysis

The EEG data were exported to the EureKa! software (Congedo
and Sherlin, 2010) and re-montaged to the average reference mon-
tage. The data were plotted and inspected to eliminate any artifact
(e.g., evidence of eye blinks, eye movements, body movements). If
one or more channels exhibited presence of artifact during any 4 s
epoch, that entire epoch was removed. Among the remaining 4 s
epochs EEG spectra for five bandwidths (delta, theta, alpha, beta,
and gamma) were calculated from the first 2 min of artifact-free
data (Prichep and John, 1992) with Fast Fourier Transform (FFT)
with 1/32 s of overlapping window advancement factor. We did
not apply any time domain tapering for frequency domain
smoothing.

To test for global effects of treatment procedure on absolute
EEG bandwidth activity, we constructed a multilevel linear model
for each of the five bandwidths studied. Like repeated measures
analysis of variance, multilevel models with fixed treatment effects
allow for statistical hypothesis testing of differences in (marginal)
means associated with each treatment condition. While both mul-
Table 2
Means and standard errors of the pre- to post-session changes in absolute amplitude by E

Bandwidth Hypnosis Neurofeedback Meditation

Mean (SE) Mean (SE) Mean (SE)

Delta (2–3.5 Hz) �.023a (.013) �.003bc (.013) �.018ab (.014
Theta (4–7.5 Hz) .045a (.013) .016b (.013) .017b (.013)
Alpha (8–12 Hz) .095a (.021) .035b (.021) .064c (.021)
Beta (13–21 Hz) .003ab (.006) �.007a (.006) .017c (.006)
Gamma (32–45 Hz) �.019a (.005) �.002b (.005) .001b (.005)

Note: tDCS = transcranial direct current stimulation; negative means indicate a pre-post
amplitude; bold face means are significantly different from zero, and means with differ
⁄⁄⁄p < .001, ⁄⁄p < .05.

Please cite this article in press as: Jensen MP et al. Effects of non-pharmacol
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tilevel modeling and repeated measures analysis of variance can
account for dependency induced by repeated measurements, the
multilevel model is particularly well suited to data with multiple
nested structures of dependency. For a more thorough exploration
of multilevel modeling techniques, reviews are available (Gelman
and Hill, 2007; Goldstein, 1994). In this study, dependency was ex-
pected from two distinct features of the data: (1) correlation be-
tween EEG measures within participants and (2) correlation
between EEG measures within electrode sites. Because EEG mea-
surements are simultaneously nested within both electrode and
participant, and because electrode and participant are non-nested,
a cross-classified multilevel model was chosen to account for the
dependence induced by this clustering of data. This is critical to
accurate probability estimation during statistical testing of the
hypothesized effects of each procedure; that is, (1) hypnosis in-
creases overall (i.e., EEG as measured from all of the 19 electrode
sites) theta, (2) meditation increases overall theta and alpha, (3)
NF increases in overall alpha, (4) tDCS increases in overall beta
and decreases in overall delta, theta, and alpha, and (5) sham tDCS
induces no change in EEG. Exploratory analyses were then per-
formed to examine the effects of each procedure on bandwidths
for which there were no specific a priori hypotheses, and to exam-
ine the effects of the procedures on EEG activity at each of the 19
electrode sites.

To test the hypotheses that hypnosis would result in significant
pre- to post-session decreases in pain and that the sham tDCS pro-
cedure would not, and to explore the effects of a single session of
meditation, neurofeedback and tDCS on pain intensity, we carried
out a series of exploratory repeated measures t-tests. Next, we
examined the hypothesized associations between pre- to post-
session changes in pain intensity and changes in overall alpha
and beta EEG activity by computing Pearson correlation coeffi-
cients. Finally, in exploratory analyses, we computed correlation
coefficients between pre- to post-session changes in pain intensity
and changes in overall delta, theta, and gamma activity in addition
to correlations in all five bandwidths examined at each of the 19
electrode sites. All statistical analyses were carried out using STA-
TA/IC 12.1 for Mac (StataCorp, College Station, TX, 1985–2011).

3. Results

3.1. Effects of the procedures on EEG activity

3.1.1. Overall (all electrodes) effects
Table 2 presents the means and standard errors of the pre- to

post-session differences in absolute amplitude EEG bandwidth
measures for each of the five procedures over all 19 electrodes.
Every procedure is different from at least one other procedure in
at least one of the five bandwidths; that is, each shows a different
pattern of changes in brain oscillations. For example, relative to
meditation, hypnosis resulted in more theta, more alpha, less beta,
and less gamma activity. Relative to sham tDCS, tDCS resulted in
more theta, less alpha, less beta, and less gamma.
EG bandwidth and treatment condition.

tDCS Sham tDCS

Mean (SE) Mean (SE) Between-group Wald v2 (df)

) �.001bd (.014) .003cd (.014) 12.89⁄⁄ (4)
.074c (.013) .053a (.013) 96.79⁄⁄⁄ (4)
.043bc (.021) .121d (.021) 78.85⁄⁄⁄ (4)
�.001a (.006) .014bc (.007) 25.25⁄⁄⁄ (4)
�.011a (.005) .004b (.005) 43.55⁄⁄⁄ (4)

session decrease and positive means indicate a pre-post session increase in absolute
ent subscripts within each row are significantly different from one another.
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Fig. 1. Pre- to post-session changes in absolute bandwidth at different electrode sites.

Table 3
Means and standard deviations of pre- and post-procedure characteristic pain scores.

Procedure n Pre-procedure Post-procedure t

M SD M SD

Sham tDCS 27 4.39 2.07 4.23 2.02 0.71
tDCS 28 4.19 2.02 3.92 2.21 1.14
Hypnosis 29 4.27 2.08 3.74 2.16 3.34⁄

Neurofeedback 30 4.61 1.93 4.41 2.09 1.44
Meditation 30 4.44 2.16 3.96 1.97 3.57⁄

Note: tDCS = transcranial direct current stimulation.
⁄p < .01.
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Also, as hypothesized, participants who received hypnosis evi-
denced significant pre- to post-session increases in theta activity.
As found in some studies, but not others, a significant increase in
alpha activity with hypnosis was also observed in our sample.
We also found evidence for significant decreases in gamma with
hypnosis, a bandwidth rarely examined in other hypnosis EEG
studies. Although an increase in alpha (consistent with the rein-
forcement protocol) was observed in those who received NF, this
increase was not statistically significant. In fact, no significant
change in any EEG bandwidth across all 19 electrodes was ob-
served with NF training. Consistent with the study hypotheses,
meditation was associated with significant increases in alpha.
However, and inconsistent with the study hypotheses, meditation
was not associated with significant increases in theta activity. Beta
activity also increased significantly with the meditation procedure.
The direction of the effects of the tDCS procedure were mostly
opposite to those that were hypothesized. Instead of the hypothe-
sized significant increase in beta activity and decrease in slower
wave (delta, theta, alpha) activity, there was a very small (non-sig-
nificant) decrease in beta and statistically significant increases in
theta and alpha with tDCS. A statistically significant decrease
was also observed for tDCS in the gamma bandwidth. Also contrary
to the study hypotheses, sham tDCS showed significant changes in
three bandwidths: increases in theta, alpha, and beta.

3.1.2. Effects associated with individual electrodes
Fig. 1 displays the results of each of the procedures on absolute

amplitude EEG bandwidth activity at each electrode site. Signifi-
cant increases in activity are indicated in yellow and significant de-
creases in blue. Because of the increased risk for Type I error
entailed in multiple comparisons, these data should be interpreted
very cautiously. However, different patterns of oscillation activity
changes with each procedure appear to be present. For example,
increases in theta associated with hypnosis appeared more in the
left hemisphere, and at both frontal and posterior sites. The in-
creases in alpha with hypnosis, on the other hand, appeared to
be more diffuse. Decreases in gamma with hypnosis appeared
Please cite this article in press as: Jensen MP et al. Effects of non-pharmacol
dx.doi.org/10.1016/j.clinph.2013.04.009
mainly in central sites. The increases in alpha and beta with med-
itation were mostly in left parietal areas. The increases in theta
with tDCS were diffuse, while alpha increased mostly in left tem-
poral region. Finally, the increases alpha with sham tDCS were dif-
fuse, while the sham tDCS-related increases in theta were mainly
over parietal areas and beta over left parietal region.
3.2. Effects of the procedures on pain intensity

Table 3 presents the means and standard deviations of charac-
teristic pain intensity scores obtained during the EEG assessments
before and after each of the procedures, as well as the results of the
repeated measures t-tests examining the significance of the
changes. As predicted, hypnosis resulted in significant pre- to
post-session decreases in pain intensity, and sham tDCS did not.
In addition we also observed that meditation led to statistically
significant decreases in pain. Active tDCS and neurofeedback did
not induce significant pre- to post-session changes in pain inten-
sity. Moreover, the effect sizes of all of the five single session inter-
ventions were small – the two significant conditions induced an
effect size of 0.25 (hypnosis) and 0.23 (meditation). Also, although
the effect size of active tDCS was 1.6 times as large as the effects
size of sham tDCS (0.13 vs. 0.08), it was too small to result in
ogical pain treatments on brain states. Clin Neurophysiol (2013), http://
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significant differences. Neurofeedback showed an effect size that
was similar in magnitude to sham tDCS (0.10).

3.3. Associations between changes in pain intensity and changes in
EEG activity

2.4.3. Associations with EEG activity from all electrodes
Of the two correlation coefficients computed to test our specific

hypotheses about the associations between mean changes in alpha
and beta and change in characteristic pain intensity, both were
negligible and non-significant. Likewise, in the three exploratory
correlation analyses for the other three bandwidths, no statistically
significant correlations were observed.

2.4.4. Associations with EEG activity from individual electrodes
Of the 95 additional exploratory correlation coefficients com-

puted (five bandwidths X 19 electrode sites), only three were mar-
ginally statistically significant at (ps < 0.05, not corrected for
multiple comparisons). Delta activity at O2 (rs = �0.21), delta
activity at T6 (rs = �.20) and absolute gamma activity at O1
(r = �.18) were all negatively associated with changes in pain.
None of the pre- to post-session changes in alpha, beta, or theta as-
sessed at any electrode site was significantly associated with
change in pain.
4. Discussion

The findings provide evidence for effects of hypnosis, neuro-
feedback, meditation, and tDCS on EEG-assessed brain activity, as
well as support the pain reducing effects of a single session of hyp-
nosis and meditation. However, the findings do not support our
hypothesis that changes in EEG activity and changes in pain inten-
sity correlate following a single session of these treatments. In
short, the findings confirm a number of previous observations
about the effects of non-pharmacological pain treatments on brain
activity, while raising important questions regarding the extent to
which brain states reflect the experience of pain.

One consistent finding from previous research is the effect of
hypnosis on increasing theta activity (Crawford and Gruzelier,
1992; Graffin et al., 1995). Hypnosis has also been shown to in-
crease alpha activity in some studies (Crawford and Gruzelier,
1992). Our findings showing significant increases in both theta
and alpha are generally consistent with this previous research.
The current study further clarifies effects of hypnosis on additional
delta, beta and gamma activities (which have not been commonly
reported); specifically we found no significant effects of hypnosis
on delta or beta, but did find significant decreases in gamma.

Smaller, but also statistically significant decreases in gamma
were also observed for tDCS. Given that these changes in gamma
represent new findings, replication is warranted before making
much of the effect. Research suggests gamma activity reflects
activity in domains of attention, communication between brain
structures, and sensory processing (Jensen et al., 2007b; Salinas
and Sejnowski, 2001), including the processing of pain (Zhang
et al., 2012). This raises the intriguing possibility that some non-
pharmacological treatments such as hypnosis might exert their
analgesic effect, at least in part, by reducing or interrupting atten-
tional processes or within-brain communication and thus effec-
tively inducing ‘‘dissociation’’ among brain systems or structures
required for the experience of pain. However, the lack of a signifi-
cant linear association between changes in the gamma band activ-
ity and changes in pain intensity complicates our understanding of
the relationship. At least two competing hypotheses may explain
these discrepancies: (1) the association between changes in gam-
ma and pain reductions may be non-linear (i.e., only a certain
Please cite this article in press as: Jensen MP et al. Effects of non-pharmacol
dx.doi.org/10.1016/j.clinph.2013.04.009
amount of change in gamma is needed to result in pain relief; more
than this change has no additional benefit) or (2) the effects of hyp-
nosis on gamma and the effects of hypnosis on pain are unrelated.
More research is needed to examine these possibilities.

We predicted, based on previous research (Cahn and Polich,
2006), that the meditation procedure would result in significant in-
creases in both theta and alpha activity. The hypothesis related to
alpha activity was supported, while that related to theta activity
was not. Moreover, we found a significant increase in beta activity
with the meditation procedure used (mostly over the temporal
lobes of both hemispheres) which is not consistent with previous
research (Jacobs et al., 1996). We also found that the hypnosis pro-
cedure appears to have induced a greater amount of cortical slow-
ing (e.g., more activity in the slower theta/alpha rhythms) than the
meditation procedure, although both resulted in significant in-
creases in alpha activity. Given that these two procedures were
both associated with pain relief in our sample, a tempting conclu-
sion might be that they were effective, at least in part, because of
their effects on alpha activity. However, both tDCS and sham tDCS
resulted in increases in alpha – in fact, the participants evidenced
the largest increases in alpha following sham tDCS – yet neither
tDCS nor sham tDCS were associated with significant decreases
in pain. Moreover, we did not find any association between pain re-
lief and pre- to post-session changes in alpha activity in the hypno-
sis condition. As a whole, the findings demonstrate that the
hypnosis and meditation procedures used in this study reduce
pain, but the findings do not provide evidence that pain reduction
associated with a single session of these procedures can be ex-
plained by the EEG changes assessed

tDCS and sham tDCS also show unique patterns of EEG changes.
tDCS shows greater theta increase than any other procedure and
some alpha increase (but less than hypnosis or sham tDCS). The
unexpected result of increased theta frequency after active tDCS
may be due to homeostatic effects of the procedure, as patients
with chronic pain tend to have increased baseline cortical excit-
ability (Lefaucheur et al., 2006; Portilla et al., 2013). In terms of
changes on EEG, sham tDCS appeared to be most similar to hypno-
sis, in that both resulted in large increases in alpha. However, de-
spite the changes in EEG activity shown for both tDCS and sham
tDCS, neither had a significant effect on pain intensity. Moreover,
the significant effects of sham tDCS on EEG – in particular, alpha
activity – were not expected. This may be due to the effects of sim-
ply sitting quietly with one’s eyes closed (most of the participants
closed their eyes during the sham tDCS procedure) leading to spe-
cific changes in EEG (i.e., especially increases in alpha) that last for
at least 30 min to an hour after the procedure. The fact that re-
sponse to tDCS and sham tDCS differed significantly (with partici-
pants receiving tDCS showing significantly less increases in alpha
but significantly more increases in theta, relative to sham tDCS)
suggests that the differences found are reliable, and not due to ran-
dom variation. At a minimum, the finding regarding the effects of
sham tDCS on EEG argues for the importance of including control
conditions in any study such as the present one that seeks to
understand the effects of non-pharmacological treatments; one
cannot assume that ‘‘doing nothing’’ will have no effect on EEG.

With regard to neurofeedback, there are not yet any clear stan-
dardized protocols for treating chronic pain; sites used include T3
and T4 (e.g., Jensen et al., 2007a; Sime, 2004), Cz (e.g., Caro and
Winter, 2011), C4 (e.g., Kayiran et al., 2010), and mixed sites
(e.g., Jensen et al., 2007a; Sime, 2004). Frequencies reinforced in
the neurofeedback protocols have also varied, and include rein-
forcement of alpha (9–11 Hz; e.g., Gannon and Sternback, 1971),
12–15 Hz (e.g., Caro and Winter, 2011; Kayiran et al., 2010), and
mixed frequencies (e.g., Jensen et al., 2007a; Sime, 2004), although
the majority of the protocols seek to suppress beta activity. Given
this variability, we selected a protocol that would be generally con-
ogical pain treatments on brain states. Clin Neurophysiol (2013), http://
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sistent those used in previous studies. However, we elected to fo-
cus on reinforcing alpha and suppressing beta, given that pain
has been shown to be linked to less alpha and more beta activity
(Bromm and Lorenz, 1998; Chen, 1993, 2001). Still, it is possible
that a protocol other than the one we used (e.g., one that aimed
more directly at the somatosensory cortex) might have produced
some effect on pain. More research is needed to compare the rela-
tive efficacy of different neurofeedback protocols.

An important aim of this study was to assess clinical effects of
a single session of 4 different non-pharmacological procedures
thought to impact pain. We found small effect sizes associated
with all of the procedures (hypnosis, meditation, active tDCS,
neurofeedback, and sham tDCS, 0.25, 0.23, 0.13, 0.10, and 0.08).
Moreover, only the effects of hypnosis and meditation on pain
were statistically significant. There are at least two possible rea-
sons for the small effect sizes found. First, clinical administration
of these procedures involves repeated sessions, so one session of
the procedures would not necessarily be expected to have a pro-
found effect on pain. Second, the patients in our sample had a rel-
atively low baseline levels of pain intensity (as low as 3 on a 0–10
scale), and therefore floor effects may have limited the effect
sizes. An important next step will be to examine the effects on
both pain and brain oscillations of a full course of the treatments
studied.

A primary question driving this research was whether the ben-
efits of these non-pharmacological treatments on pain might be
operating via similar effects on brain activity (e.g., by increasing
slow wave activity, decreasing fast wave activity, or both). To
our knowledge, this is the first study to address this question
by making a head-to-head comparison of the effects of four dif-
ferent non-pharmacological treatments, relative to a sham condi-
tion, on both EEG activity and pain. The findings appear clear:
each of the procedures has different effects on EEG, and their ef-
fects on pain intensity are not related to the EEG variables studied
in any systematic (or similar) way. Thus, the findings indicate
that when a single session of these non-pharmacological inter-
ventions impacts pain (as two did in this study), their effects
are not reflected in a unified underlying pattern of EEG activity
– at least in the EEG activity measures used here. Future studies
need to address this same question for repeated sessions of
treatment.

The study has a number of limitations that should be consid-
ered when interpreting the results. Of primary importance, and de-
spite the fact that we had a number of a priori specific hypotheses,
many of the analyses performed were exploratory. Therefore, there
is a risk that some of our significant findings are due to type I error.
Until further research is performed to determine which of the find-
ings reported here replicate, the study results should be considered
suggestive only. Second, the EEG assessments were performed
roughly 20–30 min before and after but not during the treatment
procedures. Thus, the EEG effects assessed and analyzed reflect
the short-term (i.e., lingering) rather than immediate impact of
the procedures on EEG activity. It is possible, even likely, that the
immediate effects of the procedures on EEG might differ from their
lingering effects. However, we also assessed pain intensity when
we assessed EEG activity; if specific bandwidth activity measures
were strongly associated with pain, or if changes in bandwidth
activity were strongly associated with changes in pain, those asso-
ciations should have emerged in our analyses.

Related to this issue, the study sample consisted of a group of
individuals with spinal cord injury and chronic pain presenting
with both neuropathic and mixed (neuropathic and nociceptive)
pain problems. Moreover, 18 of 51 individuals who were identi-
fied as eligible to participate in the study declined participation.
The extent to which the current findings generalize to individuals
with SCI in general, or who have a specific type of pain (i.e., only
Please cite this article in press as: Jensen MP et al. Effects of non-pharmacol
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neuropathic, only non-neuropathic pain, or even pain types with-
in these larger categories, such as central vs. peripheral neuro-
pathic pain), or to individuals with other chronic pain
conditions, is not known. It might be possible, for example, that
stronger associations might have emerged had the sample con-
sisted only or primarily of individuals with neuropathic pain or
nociceptive pain. It is also possible that EEG-assessed bandwidth
activity measures may be more strongly linked to pain intensity
in populations of patients with other pain diagnoses, such as
headache, low back pain, or chronic widespread pain (e.g., fibro-
myalgia). Additional research is needed to test these possibilities.
Likewise, as discussed previously, we were only able to compare
the effects of a single administration of the treatment procedures;
it is possible that effects of the treatments would have been
greater had participants continued to be provided and to practice
the interventions. A longitudinal examination of comparative ef-
fects of these procedures on both pain and cortical activity is war-
ranted to evaluate this possibility.

It is also important to acknowledge the limitations of correla-
tional analysis used when examining the relationship between
changes in self-reported pain intensity (for which there was a
single measure) and changes in EEG activity (for which there
were multiple electrode measures). We acknowledge that using
a summary estimate of EEG activity is less than ideal in that
some information is lost in this process (i.e. the variance compo-
nent). Nevertheless, the subsequent exploratory analysis was
carried out at the level of electrode site where this no longer
presents an issue and is of less concern given the largely null ef-
fects observed. The complexity of the multilevel model was also
limited by the sample size of 30 subjects, and concerns with
model stability prohibited the examination of more complex
interactions.

Despite the study’s limitations, however, the findings advance
our understanding of the effects of non-pharmacological pain
interventions on brain activity as measured by EEG in this first
(to our knowledge) head-to-head comparison of four treatments
and a sham procedure. We found that each procedure showed par-
ticular effects on EEG activity, relative to a sham tDCS procedure.
We also found that the sham procedure resulted in significant
pre- to post-session changes in EEG, suggesting that simply sitting
quietly for 20 min with one’s eyes closed may produce significant
short-term changes in EEG. Therefore, such control procedures
are necessary in this type of research. Finally, although the lack
of association between changes in EEG activity and changes in pain
can be viewed as a negative finding, this result is important, as it
rules out systematic changes in brain oscillations (at least in the
bandwidths assessed here) as mediating the analgesic effects of
single session of these treatments. However it remains to be deter-
mined whether these findings will be replicated when repeated
sessions of these treatments are administered.
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