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movement manipulation for evidence in support of the IHI and AC
theories, but remained open to the possibility that the eye-movements
influence cognition via another mechanism. EEG coherence is a mea-
sure of the synchronous activity among brain regions and is indicative
of underlying network connectivity (Thatcher, 2012).

Prior research has revealed differences in the eye movements’ ef-
fects on cognition for individuals who are consistent- versus incon-
sistent-handed, with consistent handers garnering greater benefits (e.g.,
Lyle, Logan, & Roediger, 2008; Parker & Dagnall; 2010). In general,
task performance without exposure to the eye-movement manipulation
is superior for inconsistent handers when compared to consistent han-
ders in episodic memory retrieval (Lyle et al., 2008; Propper,
Christman, & Phaneuf, 2005) and cognitive flexibility (Christman,
Henning, Geers, Propper, & Niebauer, 2008; Shobe et al., 2009; see
Prichard, Propper, & Christman, 2013, for a review). However, ex-
posure to bilateral eye movements prior to cognitive tasks enhances
performance for consistent handers on episodic memory and creativity
tasks (e.g., Christman et al., 2003; Shobe et al., 2009). Inconsistent
handers, on the other hand, have been shown to garner no benefit from
the eye movement manipulation (e.g., Christman et al., 2003; Shobe
et al., 2009) or, in some cases, show a drop in performance from
baseline (Lyle et al., 2008; Lyle, Hanaver-Torrez, Hackländer, & Edlin,
2012). Despite differences in the eye-movement manipulation’s efficacy
in consistent versus inconsistent handers, neuroimaging studies ex-
ploring bilateral eye movements to date have not studied handedness as
a variable in their designs. Prior work by Propper and Christman (2008)
and Keller et al. (2014) recorded data from right-handed participants
with no indication of participants’ handedness scores, whereas Samara
et al. (2011) and Yaggie et al. (2015) tested participants who were
dominantly right handed. Due to the variability of behavioral results
observed when inconsistent handers are exposed to bilateral eye
movements, we incorporated handedness as an independent variable in
our design.

2. Method

2.1. Participants

Undergraduate students (N=91) from Stockton University parti-
cipated in exchange for extra or required credit in a psychology course.
Participants enrolled in the study through an online psychology re-
search website (SONA). Participants were between the ages of 18 and
45 years with normal or corrected to normal vision, who indicated no
history of neurological disorder or traumatic brain injury, or a history
of drug and alcohol abuse. Descriptive statistics for age, gender, and

handedness for the participants included in the final sample are pre-
sented by condition in Table 1.

2.2. Materials

2.2.1. EEG
EEG data were recorded using a 129-channel HydroCel Geodesic

Sensor Net, with Cz reference (Electrical Geodesics, Inc.). Sensor im-
pedance levels were below 50 KΩ, appropriate for use with the Net
Amps 300 high-impedance amplifi







Condition×Handedness interaction was detected, F(1, 82) = 5.811,
p=0.018, η2p = 0.061 (see Fig. 3). LSD post hoc comparisons com-
paring theta change scores among the four condition-group combina-
tions revealed significant differences in theta change scores between
inconsistent handers in the EM condition (M=0.140, SEM=0.027;
95% CI [0.086, 0.194]) and consistent handers in the EM condition
(M=0.018, SEM=0.018; 95% CI [−0.017, 0.054]; p < 0.001) as
well as consistent handers in the control condition (M=0.056,
SEM=0.018; 95% CI [0.021, 0.091]; p=0.011). No other between-
group comparisons were significant. Although all groups showed mean
increases in theta power pre to post, only the inconsistent handers in
the EM condition and the consistent handers in the control condition
had change scores that were signifi



greater increase in beta power for inconsistent- than consistent-handed
participants. In addition, a condition by handedness group interaction
was again observed exclusively in the theta frequency band, in which
exposure to the EM manipulation served to enhance the increase in
theta power changes scores for inconsistent-handed participants.

3.4.2. Coherence
To test whether the EM manipulation and/or handedness group

were connected to differences in coherence change scores for the syn-
chronization of spectral activity over frontal and posterior regions of
the executive attention network, two mean coherence change scores
were calculated. The first set of coherence change scores was calculated
using electrode pairs within frontal or posterior regions, with the cal-
culations performed separately for each hemisphere: left frontal (Fp1,
F3, and F7), right frontal (Fp2, F4, and F8), left posterior (T5/P7, P3,
and O1), and right posterior (T6/P8, P4, and O2). The second set of
change scores was calculated using frontal-posterior electrode pairs, in
which one electrode was in the frontal region and the other in the
posterior region (e.g., F3-P3), establishing mean coherence change
scores for the following regions: left anterior-posterior, midline ante-
rior-posterior, and right anterior-posterior. Regional coherence change
scores and anterior-posterior coherence change scores were then ex-
plored in separate analyses.



significant condition effect in the alpha frequency band, F(1, 82) =
3.872, p=0.05, η2p = 0.045. In this case, although the mean change
score was higher in the control group (M=0.009, SEM=0.007, 95%
CI [−0.005, 0.024]) than the EM group (M=−0.010, SEM=0.007,
95% CI [−0.024, 0.004]), neither mean change score differed sig-
nificantly from zero. Analyses comparing the change in alpha coherence
between conditions for left-hemisphere, midline, and right-hemisphere
locations, produced a significant difference between conditions for
frontal-posterior coherence change at the midline, F(1, 84) = 4.309,
p=0.041, η2p = 0.049 (see Fig. 6). Mean change scores revealed a
decrease in frontal-posterior alpha coherence in the EM condition
(M=−0.014, SEM=0.011, 95% CI [−0.037, 0.009]), but an increase
in frontal-posterior coherence in the control condition (M=0.017,
SEM=0.012, 95% CI [−0.007, 0.040]); neither change score over the
midline was significantly different from zero. No differences were de-
tected between conditions for the left hemisphere, F(1, 84) = 2.655,
p=0.107, η2p = 0.031; or the right hemisphere, F(1, 84) = 1.064,
p=0.305, η2p = 0.013.

Considered together, the coherence results stemming from the
analysis of the AC electrode array revealed a significant difference be-
tween EM and control conditions for delta coherence change scores
over the posterior region of the brain, with the control condition de-
creasing in delta pre to post.

3.5. Covariates

Because of the pre-manipulation difference between conditions in
PANAS negative scores, we also ran analyses using PANAS positive and
PANAS negative scores as covariates. In doing so we explore the po-
tential role of PANAS pre scores, PANAS post scores, and PANAS change
scores as covariates in the design. None of the variables was a sig-
nificant covariate in any of the analyses. Further, there were no changes
in the results for power or coherence change scores in any of the fre-
quency bands; analyses that were significant in our initial run remained
so with the addition of the PANAS variables.

4. Discussion

The goal of the present research was to explore the impact of bi-
lateral eye movements on resting-state EEG in order to test two existing
theories underlying the eye movements’ effects, the Interhemispheric
Interaction (IHI) theory (Christman et al., 2003) and the Attentional
Control (AC) theory (Lyle & Martin, 2010). We recorded participants’
resting-state brain activity with EEG before and after they completed
30 s of bilateral eye movements or a center-control manipulation. To
assess changes in brain activity, we determined the change in EEG
power and zero-phase-lag coherence, a measure of synchronization of

activity among regions. To test the main tenets of each theory, IHI and
AC, we selected an electrode array that best captured the neural effects
proposed by each theory. For IHI, we selected the array to capture
potential fluctuations in brain activity between the hemispheres; and
for AC, we selected an array to capture potential changes in brain ac-
tivity over frontal and posterior brain regions, areas of the executive
attention network. Although our explorations of IHI and AC theories
failed to provide unequivocal support for either theory, we observed
significant changes in EEG coherence, which suggest that bilateral eye
movements influence activity in the brain at rest. These changes in
resting-state EEG may offer insight into the mechanisms that underlie
the beneficial effects of bilateral eye movements on cognition and in the
reduction of PTSD symptomology via EMDR.

Our comparison of participants’ PANAS scores, measured before
versus after the EM manipulation, demonstrated a change in behavior
associated with the completion of bilateral eye movements. Participants
in the EM condition showed a significant decrease in negative PANAS
scores pre to post. This reduction of negative mood coincides with the
findings of Yaggie et al. (2015) who reported a decrease in the vividness
of negative memories following exposure to bilateral eye movements.
Although inconsistent-handed participants have exhibited a flexible
style of emotion regulation in prior research, including lower need for
closure and reduced emotional stability (see Shobe, 2014, for a review),
we failed to find a significant main effect or interaction involving
handedness group.

In general, our analyses revealed significant differences in EEG os-
cillations based on condition (eye-movement versus control) and
handedness (consistent versus inconsistent). Differences in absolute
power were observed between handedness groups, with inconsistent
handers showing an increase in absolute power pre to post for theta and
beta frequency bands. For theta, however, the increase in power was
greatest for inconsistent handers who had completed the bilateral eye-





http://dx.doi.org/10.1016/j.neuropsychologia.2011.09.004
http://dx.doi.org/10.1016/j.neuropsychologia.2011.09.004
http://dx.doi.org/10.1126/science.1138071
http://dx.doi.org/10.1037/0894-4105.17.2.221
http://dx.doi.org/10.1080/13576500802079646
http://dx.doi.org/10.1080/13576500802079646
http://dx.doi.org/10.1016/j.bandc.2004.08.005
http://dx.doi.org/10.1016/j.bandc.2004.08.005
http://dx.doi.org/10.1038/nrn755
http://dx.doi.org/10.1038/nrn755
http://dx.doi.org/10.1016/j.clinph.2006.08.013
http://dx.doi.org/10.1016/j.jneumeth.2003.10.009
http://dx.doi.org/10.1016/j.jneumeth.2003.10.009


http://dx.doi.org/10.1016/j.bandc.2012.12.006
http://dx.doi.org/10.1016/j.bandc.2015.01.003
http://dx.doi.org/10.1016/j.paid.2009.07.012
http://dx.doi.org/10.1016/j.ijpsycho.2016.07.501
http://dx.doi.org/10.3389/fnint.2014.00054
http://dx.doi.org/10.1016/S0092-6566(03)00046-1
http://dx.doi.org/10.1016/S0092-6566(03)00046-1
http://dx.doi.org/10.1016/j.clinph.2007.06.018
http://dx.doi.org/10.1111/j.1469-8986.2005.00367.x
http://dx.doi.org/10.1111/j.1469-8986.2005.00367.x
http://dx.doi.org/10.3389/fnint.2013.00083
http://dx.doi.org/10.3389/fnint.2013.00083
http://dx.doi.org/10.1371/journal.pone.0012945
http://dx.doi.org/10.1891/1933-3196.8.3.113
http://dx.doi.org/10.1016/S0165-0173(98)00056-3
http://dx.doi.org/10.1016/S0165-0173(98)00056-3
http://dx.doi.org/10.1016/0013-4694(94)90164-3
http://dx.doi.org/10.1016/0013-4694(94)90164-3
http://dx.doi.org/10.1016/j.neubiorev.2011.10.002
http://dx.doi.org/10.1016/j.neubiorev.2011.10.002
http://dx.doi.org/10.3389/fnhum.2013.00264
http://dx.doi.org/10.1126/science.1154735
http://dx.doi.org/10.1016/j.jbtep.2012.11.001
http://dx.doi.org/10.1016/j.janxdis.2007.08.007
http://dx.doi.org/10.1016/j.jbtep.2014.04.004
http://dx.doi.org/10.1016/j.jbtep.2014.04.004
http://dx.doi.org/10.1348/014466508X398943
http://dx.doi.org/10.1348/014466508X398943
http://dx.doi.org/10.1080/09658211.2013.877487
http://dx.doi.org/10.1016/j.bandc.2010.04.004
http://dx.doi.org/10.1016/j.bandc.2010.04.004
http://dx.doi.org/10.1037/a0024831
http://dx.doi.org/10.3758/PBR.15.3.515
http://dx.doi.org/10.3758/PBR.15.3.515
http://dx.doi.org/10.1073/pnas.0700668104
http://dx.doi.org/10.1073/pnas.0700668104
http://dx.doi.org/10.1037/xge0000038
http://dx.doi.org/10.1016/S1388-2457(99)00258-8
http://dx.doi.org/10.1016/S1388-2457(99)00258-8
http://dx.doi.org/10.1111/j.2044-8295.1975.tb01439.x
http://dx.doi.org/10.1111/j.2044-8295.1975.tb01439.x
http://dx.doi.org/10.1111/j.1469-8986.2010.01061.x
http://dx.doi.org/10.1111/j.1469-8986.2010.01061.x
http://dx.doi.org/10.1016/J.CONCOG.2004.10.003
http://dx.doi.org/10.1016/0028-3932(71)90067-4
http://dx.doi.org/10.1016/0028-3932(71)90067-4
http://refhub.elsevier.com/S0278-2626(17)30397-4/h0210
http://refhub.elsevier.com/S0278-2626(17)30397-4/h0210
http://dx.doi.org/10.1371/journal.pone.0045753
http://dx.doi.org/10.1016/j.bandc.2010.03.005
http://dx.doi.org/10.3389/fpsyg.2013.00009
http://dx.doi.org/10.1891/1933-3196.2.4.269
http://dx.doi.org/10.3758/BF03195341
http://dx.doi.org/10.1097/NMD.0b013e318142cf73
http://dx.doi.org/10.1097/NMD.0b013e318142cf73
http://dx.doi.org/10.4236/ojmp.2012.14014
http://dx.doi.org/10.1016/0167-8760(85)90018-2
http://dx.doi.org/10.1016/0167-8760(85)90018-2
http://dx.doi.org/10.1016/j.paid.2012.03.035
http://refhub.elsevier.com/S0278-2626(17)30397-4/h0260
http://refhub.elsevier.com/S0278-2626(17)30397-4/h0260
http://refhub.elsevier.com/S0278-2626(17)30397-4/h0260
http://dx.doi.org/10.3389/fpsyt.2011.00004
http://dx.doi.org/10.1016/j.ijpsycho.2005.03.018
http://dx.doi.org/10.1016/j.ijpsycho.2005.03.018
http://dx.doi.org/10.1017/S0033291706007963
http://dx.doi.org/10.1016/0005-7916(89)90025-6
http://dx.doi.org/10.1891/1933-3196.8.4.181
http://dx.doi.org/10.1891/1933-3196.8.4.181
http://dx.doi.org/10.3389/fnhum.2014.00230
http://dx.doi.org/10.3389/fnhum.2014.00230
http://dx.doi.org/10.1016/j.bandc.2009.08.017
http://dx.doi.org/10.1016/j.bandc.2009.08.017
http://dx.doi.org/10.1016/0191-8869(92)90025-K
http://dx.doi.org/10.1016/0191-8869(92)90025-K
http://dx.doi.org/10.1037/0022-006X.71.2.330
http://refhub.elsevier.com/S0278-2626(17)30397-4/h9000
http://refhub.elsevier.com/S0278-2626(17)30397-4/h9000


Psychology, 38(2), 227–242. http://dx.doi.org/10.1177/0022022106297301.
Tulving, E., Kapur, S., Craik, F. I., Moscovitch, M., & Houle, S. (1994). Hemispheric en-

coding/retrieval asymmetry in episodic memory: Positron emission tomography
findings. Proceedings of the National Academy of Sciences, 91(6), 2016–2020.

Vincent, J. L., Kahn, I., Snyder, A. Z., Raichle, M. E., & Buckner, R. L. (2008). Evidence for
a frontoparietal control system revealed by intrinsic functional connectivity. Journal
of Neurophysiology, 100(6), 3328–3342. http://dx.doi.org/10.1152/jn.90355.2008.

Wagner, A. D., Shannon, B. J., Kahn, I., & Buckner, R. L. (2005). Parietal lobe con-
tributions to episodic memory retrieval. Trends in Cognitive Sciences. http://dx.doi.

org/10.1016/j.tics.2005.07.001.
Watson, D., Clark, L. A., & Tellegen, A. (1988). Development and validation of brief

measures of positive and negative affect: The PANAS scales. Journal of Personality and
Social Psychology, 54(6), 1063. http://dx.doi.org/10.1037//0022-3514.54.6.1063.

Yaggie, M., Stevens, L., Miller, S., Abbott, A., Woodruff, C., Getchis, M., ... Daiss, S.
(2015). Electroencephalography coherence, memory vividness, and emotional va-
lence effects of bilateral eye movements during unpleasant memory recall and sub-
sequent free association: Implications for eye movement desensitization and re-
processing. Journal of EMDR Practice and Research, 9(2), 78–97.

J.I. Fleck et al. Brain and Cognition 123 (2018) 142–153

http://dx.doi.org/10.1177/0022022106297301
http://refhub.elsevier.com/S0278-2626(17)30397-4/h0315
http://refhub.elsevier.com/S0278-2626(17)30397-4/h0315
http://refhub.elsevier.com/S0278-2626(17)30397-4/h0315
http://dx.doi.org/10.1152/jn.90355.2008
http://dx.doi.org/10.1016/j.tics.2005.07.001
http://dx.doi.org/10.1016/j.tics.2005.07.001
http://dx.doi.org/10.1037//0022-3514.54.6.1063
http://refhub.elsevier.com/S0278-2626(17)30397-4/h9005
http://refhub.elsevier.com/S0278-2626(17)30397-4/h9005
http://refhub.elsevier.com/S0278-2626(17)30397-4/h9005
http://refhub.elsevier.com/S0278-2626(17)30397-4/h9005
http://refhub.elsevier.com/S0278-2626(17)30397-4/h9005

	Changes in brain connectivity following exposure to bilateral eye movements
	Introduction
	Method
	Participants
	Materials
	EEG
	Eye-movement conditions
	Edinburgh Handedness Inventory (EHI; Oldfield, 1971)
	Positive and negative affect schedule (PANAS; Watson, Clark, &#x200B;&&#x200B; Tellegen, 1988)
	PANAS-Short form (PANAS-SF; Thompson, 2007)
	Ten item personality Inventory (TIPI; Gosling, Rentfrow, &#x200B;&&#x200B; Swann, 2003)

	Procedure

	Results
	EEG data reduction and analysis overview
	Affect and personality
	Inter-Hemispheric Interaction (IHI)
	Power
	Coherence

	Attention control (AC)
	Power
	Coherence

	Covariates

	Discussion
	Acknowledgements
	References




