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Lay Abstract
Mindfulness is a way of paying attention, on purpose, in the presemient and
nonjudgmentally. By focusing attention on present goals and redirecting attention from
distractions, mindfulnesshibances momestb-moment awareness of fluctuations in cognitive
demands. As a result, meditators can develop greater control over a@ghiti’eprocesses
that promote usefulehaviouratesponses. This deliberate practice overlaps with a construct
known as fic odasettoficogeitiveepoonessesafiatiitate information processing
and behaviour to vary adaptively from moment to moment depending on current goals. This
dissertéion examines the relationship between mindfulness and cognitive control using
electroencephalography (EEG) to record ongoing brain activity during two variations of a
cognitive control task designed to manipulate difficulty. The results show thaepeifed
mindfulness predicts cognitive control performance when task difficulty is increased and that
two weeks of daily mindfulness training leads to changes in neural activity underlying this

cognitive control performance.



Abstract
Mindfulness and cognitive control are overlapping constructs. Mindfulness involves maintaining
awareness of the current experience by sustaining attention to relevant information and
disengaging from irrelevant information. Cognitive control refers to the ggboésses involved
in selecting and monitoring information relevant to our goals, while ignoring or inhibiting
information irrelevant to these goals. This dissertation contains three studies that examine the
convergence between mindfulness and cognitiverob The first study examined the
relationship between saléported mindfulness and behavioural correlates of cognitive control
using theDigit Stroop task within two experimental contexts: when task difficulty meds
manipulated (nottitrated) and whie task difficulty was increased (titrated). The results
demonstrate that seléported mindfulness predicted behavioural performance, but only when
cognitive control processes were sufficiently challenged by increasing task difficulty. The second
study exanined the precise neural mechanisms underlying the relationship between mindfulness
and cognitive control using electroencephalography (EEG) to identify chemgeenirelated
potentials (ERPs) during the nditratedDigit Stroop task after two weeks déily training. By
introducing a novel active control training condition (guided visual imagery meditation) that
contrasted passive attention regulation with the focused attention regulation in mindfulness, the
results isolated electrophysiological coatels of cognitive control that were uniquely tied to
mindfulness training, including increased efficiency in conflict detection, delayed attentional
capture by incongruent stimuli, faster conscious evaluation of all stimuli, and delayed automatic
detectionof all errors. The third study replicated and extendesetfiedings by examining
changes to ERPs when the cognitive control system was challesgedhe titratedDigit

Stroop task. Compared to the active control group, the mindfulness group shdwaadesh



sensory processing, resistance to stinudligen attentional capture and faster conscious
evaluation of all stimuli after training. Taken togethhrs dissertation establigisan empirical
relationship between behavioural and electrophysiologmaklates of mindfulness and

cognitive control



Acknowledgements
| would like to thank my supervisors, Dr. Heather McNeely and Dr. Margaret McKinnon
for their continuousdedication, guidance and support. As an undergraduate Honours thesis

student, | hadhe privilege of being supervised by Dr. Heather McNeely in the Clinical

Neuropsychol ogy Services at St. Josephds Heal

Dr. Margaret McKinnon. To begin and end my graduate research career with two thembars
nat only model excellent scholarship but do so while endorsing and instilling the value -of well
being in their studendsis seldomobserved in academia and something | will appreciate and

embrace for a lifetime. | am incredibly grateful for their invaluabkdback, encouragement and

moralsupport. | simply could not have completed this degree without their supervisibn6 d al s o

|l i ke to take this opportunity to highlight
my graduate career. From her dédig supervision as my undergraduate Honours thesis
supervisor tdherconsistentonceptual and editorial contribut®to this doctoral dissertati@n|
am so grateful to have come full circle under your supervision and thankful you agreed to take
me on as undergraduatstudent many years ago, when mindfulness research was still in its
infancy. Thank you for your continual supp@hd commitmenéfter all of these yearswould
also like to thank my committee member Dr. Brenda Key for providing valuadtiback and
guidance on my thesis. Together, Dr. Heather McNeely, Dr. Margaret McKinnon and Dr. Brenda
Key served as an incredibly supportive PhD supervisory committee, providing continual
guidance, feedback and encouragement throughout the end of myafaD c

To the countless members of the PNB, McMaster and Hamilton community who have
had an indelible impacn my undergraduate and graduate cayeiank you for creating such a

diverse network of friendship, support and encouragement. From variomgsfriab mates,

Vi

Dr



fellow graduate students, undergraduate research students, addgiosal fellows to faculty
mentors, collaborators and various members of the university administration and supgoit staff
am grateful for each person who played a sigaift role in my academic journey and will

cherish these memories and lessons for a lifetime.

Finally, |l 6d |i ke to thank my supotand ed f ami
encouragement. To my father, Muthuswamy Krishnamoorthy, who embodies the values of hard
work, grit, and endurance with incredible grace and opti@isihnank you for instilling those
values in me and overcoming incredible odds to create a life of opgrtor me. | am so
grateful to have a father who passionately believes in me and goes to great lengths to invest in
my potential andhe actualization oéll my goals and dream$o my mother, Subadhra
Krishnamoorthy, who sacrifices everything for haniigd thank you for your unconditional
emotional support, your unwavering faith in me and always empowering me to navigate every
challenge with strength, couragerseverancendresilience | am so lucky to have such a
generous, lovingzompassionatand gifted mother who taught me how to listen to my inner
voice, trust my intuition, and live unapologetically as the truest, most authentic version of
myself. To my older brother, Dr. Subhash Krishnamoorthy, who forged a path of inspiration and
brilliance & an assistant professor of surgery and critical care medicine at Columbia
Universitdt hank you for motivating me, encouraging
so proud to have a big brother who models excellence, integrity and compassion with such
humility, characterand lightheartedness. | will spend a lifetime looking up to Yiterglly and
figuratively).

Learning to straddle the paradox of western science and eastern philosophy while

navigating the many challenges of academia has craaedes of opportunities to embody the

Vii



very thing that | study the science and practice of mindfulness. While my training as a PhD
candidate focused on tleienceof mindfulness, the success of my graduate career has relied
almost exclusively on theractice of mindfulness, particularly in overcoming the many
intersectional barriers of academia. This doctoral dissertation is dedicated to the endless network
of support and inspiration who have given me the tools, vision and purpose to pursue a PhD in
conemplative science, forging a deep, enduring and lifelong commitment to both the science and

the practice of mindfulness.

viii



Descriptive

Table of Contents

sz

Lay Abstractééééé

7 s7 1L 17 1L

Abstract ééé@&@&e&é é

é

s

Not eéééé

é

a4

eee

eeeéeeé

s 7

Acknowl edgement séééécée

Tabl e of Contentséééeééeée

List of Figures

Declaration of AcademicA c h i

Thesis
Background
Research Pr
ResearchAns and
Significanc

Limitations

OQutline of

Overvi

e

é

and

evement éééeeé

and

obl

e

7z

Tabl

sz

Chapter1d | nt roducti onéeéecée

C

me

eweé ééé

ont

7

(N
(N

Obj ecti

ée

ée

é

é

é

é

[N

ée

D

ée

Present

s

é

é

7z

e

é

é

(N

[N

D

R

sz

éee

eee

ée

éé

éee

([N
([N

(N
(N

D~
D~

D~
D~

€es

s

é

é

é

7

é

([N

D~

(N

D

D~

D

e

é

s

é

é

é

7

é

D~ D~ (N D~ ([N

D

a

é

s

é

é

é

é

é

D

[N

(N

D

[N

D

é

s

é

é

é

é

é

D

[N

(N

é

s

eeeeeeeeececece

é

é

é

eséééeé

é

é

D

[N

(N

D

[N

D

[N

é

r ch

é

D

[N

D~

[N

D

é

é

([N

D~

(N

D~

é

é

Chapter 20 Dispositional Mindfulness Predicts Cognitive ControlP e r

7 7

Abstract ééé
l ntroductio

Met hods é ééé

Experiment 1: NosTitrated Digit Stroop Task

é
n

é

é e

éé

éee

é
é

é

é

é

é

ééé
éeee

eee

é

é

é

éé
éé

éee

7z

Participantséééé

Mat er

al

S

and

é

é

é

é

é

é

[N

é

é

[N

é

é

[N

é

é

D~

é

é

[N

Apparatu

D

D

[N

D~

[N

D

é

é

D

[N

(N

([N

M-

D

M-

D

[N

[N

D

D

[N

D~

[N

D

é

é

[ D [0 [N [0} D

M-

D

[N

[N

[N

D

D

[N

D~

[N

D

é

é

D

[N

(N

D

[N

D

M-

D

[N

[N

-
(9]
(9]
(9]
(9]
-
(9]
(9]
(9]
-
-

D~
D~
D~
D~
D~
D~
D~
D~
D~
D~

(O (0N
0N N
(O (0N
(O (0N
o N
(O (0N
(O (0N
o N
(O (0N
(O (0N
o N

M-
M-
M-
M-
M-
M-
M-
M-
M-
M-
M-

eeéeeéece.

(O D (0 D [0 D >
(O D (0 D [0 D >
[ D M [N [0} (o o
(O [0 (O} [N D D o
N D M 0} \ N
% (‘I\D)\ D (N % % g:
(O [0 (O} [N D D o
(O [0 (O} [N D D o
[N [0} M [N D [ o
(O [0 (O} [N D D o
[0} (8 o8 (o8 D

M-

éeéeééheececeé
mancé8ééeéeél

> € §9%¢

D~
D~
@D

D~
D~

D
D
D
D
D

éeee

D~
D~
D~

D
D
D
D
D
D
D
N
o1

..................................................... 25

o
o
o
o
o

D
D
D
D
g
D
D
D
D
D

~



Di scussi

Procedureééécéeé

SelfReport

Exper.i

7

7

é

é

é

Measur es

é

é

é

é

é

é

é

é

é

é

é

é

é

é

[N

D~

[N

D~

[N

D~

D~
D~

é

[N

é eré

D~

[N

D~

Mindful Attention Awareness Scale (MAAS).........cccccvvveeeenn. 7..2

Five Facet Mindfulness Questionnaire (FFMQ)

me nt

Partici

Ma t

eri a

S

2.

Procedur eé

Dat a

tséeeéee

é

é

Anal ysis

é

pant

a

é

é

é

Experiment1: NofT i t r a't

Singl e

Mu |

tipl

onéeéé

sz

Referencesééé

Chapter 30 The Impact of Mindfulness Training on Electrophysiological Indices of

Cognitive

Contro

7z 7

Abstract éééeéé

ntroduct

i oné

Di screpanc

Elecr ophysi o

Overvi

ew a

L

e

é

é

é

[N

n

é

é

é

é

é

e

0g

d

T

(7))

M-

[N

é

e

é

M-

[N

é

d

near

L

é

é

é

é

é

S

é

é

é

é

é

n

é

é

é

é

[N

e
e

é

é

é

é

é

M-

[N

D

a
e

é

é

é

é

é

é

Ap

é

é

é

é

é

é

trat

é

D

D~

é

e

é

D

[N

é

d

é

D

[N

é

Di git

[N

D

[N

D

7

D

é

D

[N

é

é

D

D~

é

g

é

D

[N

é

[N

D

D

[N

é

Stro

7

Experiment 2: Titrated Digit Stroopa s k é € é é é é

7

é

é .

Regression

r

é

é

é

é

[N

é

é

é

é

[N

Regr

é

é

é

é

[N

é

é

é

é

[N

[7)]

é

é

é

é

[N

é

é

é

é

[N

e
e

é

é

é

[N

S
e

é

é

é

[N

S
e

é

é

é

[N

[N

é

é

é

é

[N

[N

[N

D

D

[N

D

é

é

é

é

[N

[N

D

D

D~

D

([N

D

é

é

é

[N

[N

([N

D

[N

D

D

D

é

é

é

é

(O} (P} (P}
(O} O (P}
(O} O (P}
(O} O (P}

([pN
([pN
o)
([pN

[N D~
[N D~
g B
[N D~
[N

D
D
D
D

D e sli

Mi n o2f

eeeede

D

[N

D

D

[N

D

M-

[N

D~

[N

D

D~

D

[N

([N

[N

D

M-

D

[N

[N

D~

[N

([N

[N

[N

D

([ON

D~

[N

D

[N

[N

D

[N

D

M-

[N

[N

D~

[N

D~

[N

D

[N

D~

[N

D~

[N

D

[N

[N

éxnl

D

[N

D

[N

D~

[N



Me t

Res

7

hodsééééeééeéeée

D~
D~

D

Participantsé

Procedure Over
SelfReport Measu

Demographic

Mindful Attention Awareness Scale (MAAS)

[N

D

D~

D

D~

D

S

n

D~

D

(O

f

D~

D

[N

(O

0]

D~

([N

D~

(O

D~
D~
D~

([N
([N
([N

D~
D~
D~

(0N
(0N
(0N

ma t

D~

D

[N

(O

Five Facet Mindfulness Questionnaire (FFMQ)

Freiburg Mindfulness Inventory (FMI)

Mi ndf ul ness an

Materials and

(O

The Digit Séé

El ectrophysi ol

Behaviour al an

o

ultsééeéeéeéeée
SelfReportMe asur es é
Re

Behaviour al

ReSPONSE TIME (RT)...uuuiiiiiiiiiiiiieie ettt 79

Accuracyeéeeéee

d

Act

Appa

6

(0]

o

D

S

D

P

g

o

([N

u

D

é

ER

o

D

D

&

[N

D

D

vV e

ratus

7

a

a

[N

D

S

D

é

é
é

é

D

kéé
Re

Dat

[N
[N

é

([N
([N

é

N
N

ééeée

D
([N
([N

[N

D

é

D

D~

([N

D~

(O

[N

é

é

([N

D~

D

[N

(O

D

D

é

D

D~

D

[N

(O

D~

D

D

é

D

D~

D

[N

(O

D~

D

D

é

D

D~

([N

[N

(O

D~

D

D

é

([N

D~ D (P} O

D~

D

(N

é

D

D~

D

[N

(O

D~

D

[N

(O

[N

D

é

D

D~

D

D

(O

D~

(N [N ([N D~

M-

POSEError SIowing (PEPB.......cooooiiiiiieeeeeeeee e 81...

Stroop I nte

ERP Resultsééé

r

é

(O

(O

(O

ée

(O

Ef

é

é

(O

(O

(O

(O

D~

(O

[N

(O

D~

(O

P1 at PO7PO5 and PO8/PO6 (60 t0 120 MS).....cccvuvrrrrreerrnerrs 3

N1 at PO7/PO5 and PO8/PO6 (120 t0 220 MS)......c.ceeveviiirriireeennnes S5 8

Xi

[N

(O

([N

D~

(O

D~

([N

(O

D

D

D

[N

(O

D~

D

(O

([N

D

D~

[N

(O

M-

D~

D

[N

(O

D~

D

(O

D

M-

[N

(O

D

[N

(O

D~

D

(O

D

M-

[N



N2 at FCz (250 to 350 ms)

P3a at FCz (325 to 425 ms)
P3b at Pz (250 to 550 ms)

ERN at FCz (0 to 75 ms)

Pe at FCz (100 to 200 ms)

Di scussi

N2 : Conf

onéeéeé

7

i C

7

e

t

é

éee

[N

Det ect

0]

n

Conf

c t..98Mo

P3a: StimuludDriven Attentianal Capture and Involuntary Allocation of

Attentio
P3b: Con
ERN and
Gener al
Limitatdi
Concl usi

Referencesé

n

S

P

éeé

e

Di s

0

o

é

ns

né

ée

é

o

é

é

é

é

é

éeé

S

[N

D

[N

D

é

P

é

é

é

[N

D

é

0

[N

D

é

D

[N

é

é

(0N

[N

é

é

D

[N

é

é

D

[N

é

é

D

é

é

é

[N

é

é

[N

é

é

D

[N

é

7

a

D

[N

é

7

n

D

[N

é

7

d

D

[N

é

(N

[N

é

E

v a2l

eééeéeeéeéedeeé

u

nd 4P e

[N

D

Chapter 40 The Impact of Mindfulness Training on Electrophysiological Indices of

Cognitive Control when Task Difficulty i s

Abstract éée
I ntroductio
Met hodseéeééeé
Particip
Procedur

SelFReport

é

=]

[N

é e

éé

éee

nt

é

é

é

S

Ov

Me

a

é

é

[N

([N

D

M-

[N

D

Xii

[N (O D

D

ncr

é

M-

[N

D

é

M-

D~

D

é

M-

[N

D

[N

e

e

e aés.e.décécéte é é é é

é

é

D~

D

[N

[N

é

é

[N

([N

D~

[N

é

é

[N

D

[N

[N

é

é

O D D

[N

é

é

[N

D

[N

[N

é

é

D~

D

[N

[N

é

é

[N

([N

D~

[N

é

é

[N

D

[N

[N

é

é

[N

D

[N

[N

é

é

[N

D

[N

[N

é

é

O - D

[N

é

é

[N

D

D~

[N

D

[N

[N

D~
[ON
O

€ e BEER

[N

D

D

[N

[N

D

[N

[N

[N

a

(N

D

t

D

([N

[N

D

D

[N

O D~

[N

D

[N

D

[N

D

D

D

D

[N

D

[N

[N

[N



Demographic

Mindful Attention Awaren

rrrrrrrrrrrrr

Il nformati onéééééeélééececéeé

ess Scale (MAAS)............coeemmvvvvnneennnen.. 1B

Five Facet Mindfulness Questionnaire (FFMQ).............uvvvieiieeeeennnen. 1...13

Freiburg Mindfulness Inventory (FMI).........cccoooiiiiiiiiiiiiiiiicc e, 2.13

rrrrrrrrrrrrrrrr

Materials and Apparatuseeéeeéeééééecdeecececcee

The Titrated D

/////////

igit Stroop Taskeéeeéeleeeéeeéeeéeé

,,,,,,,,,

El ectrophysiological Recordingéééséeéeceeee

,,,,,,

Behavioural and ERP Data Analysi $éééeeee

,,,,,,,,,,

//////////////////////

SelfReport Measureséééééééééééééécéreééécéeé

Behaviour al Re
Response Time (RT)......
Accuracyééée
PostError Slowing (PES)

Stroop I nte

s sz oz

///////////////////

................................................................. 40.....1
céééécecéééeeceéééeee. 114
.................................................................. 2..14

rference Effectééeéeédéeecéeéceé

P1 at PO7/PO5 and PO8/PO6 (6ALRD MS).......uuurrrreeeeeeeeeaeaeeiiiiiinnns 514

N1 at PO7/PO5 and PO8/PO6 (120 t0 220 MS).....cccvveeeeeeeieeeinenennns 48....1
N2 at FCZ (250 t0 350 MS)....ccciiiiiiiieeiiiiiiiiess e Q....15
P3a at FCZ325 10 425 MS)..ccciiiiiiiiie ettt 3....15
P3b at Pz (250 t0 550 MS)......uuuiiiiiiiiiiiiiiiieieeee e 6......15

ERN at FCz (0 to 75 ms)

Xiii



Di

Pe at FCZ (100 t0 200 MS)...cciuiirririiiiiiieeaeee e e eeeeeeeeeeeeiaana e eeaeeeeas 0......16

s s s s s 7 s 7 sz s oz s 7 s s oz s s s 7 7

ScuUSSsionééeeééécecéeceececeeceeeeeeeeceeleeeeleo

P1 and N1: Early Sensory Processing Sensiti®éol ect i ve At B3enti on
N2: Conflict Detection, Conflict 5Moni to
P3a: StimuludDriven Attentional Capture and Involuntary Allocation of

Attentionééeéeééeéeéeéeeceéeécté

eeeegéée
eeéeéeebeeéel

P3b: Conscious Processing and Evaluatidn St i mu |

ERN and Pe: Error Processing and OPer for

[N
[N
[N
[N
[N
[N
[N
[N
[N
[N
[N
[N
(¢}

[N
[N
[N
[N
[N

Addi tional Findingsé

Limitationsééééééeéeeeeeeeeeeeeee e éé
Future Directionséééeééeéeéecéeééeécéeeeedbeceececeé
Conclusionséééééééeeeececeeeeéeééececcece 17
Referencesééééééééceeceeeeceeéeéeeeeeeeesrececel
Chapter50 Di scussi onéééééeééeéécéé. . ééeéééeéeépeéeceecel

Research Problem, Aims and Objectivelsééééé

SummaryofKeffi ndi ngsééééééééeececeeeeeeéeéeéereece. . . 1
Il nterpretations and I mplications of 6Key Fi
Limitations and Future Directionsécéekléeéeéeécéeé
Concluding Summaryéééeééécééééeéeééeéeéealéeecéecéeé

General References (Chapter 1 andBigh)..........ccoovieeeiiiiii e 6...21

Xiv



List of Figures and Tables

Chapter 20 Dispositional Mindfulness Predicts Cognitive Control Performance
Figure 1. Il lustration of the Digééé&tRdop
Tale 1. Descriptive statistics for Experiment 1:#tom t r at ed Di git Stroop
Tabl e 2. Descriptive statistics for Exper.i
Table 3. Bivariate correlations for seé#portmindfulness measures in Experiment 1:
nont i trated Digit Stroop taskééeééeéeéeééeéééééeeée:
Table 4. Bivariate correlations for sedport mindfulness measures in Experiment 2:
titrated Digit Stroop taskééeéeééeéeéeéeéece
Figure 2. MAASas@r edi ct or of the Stroop interferert
Figure 3. FFMQ total score as a predi ctor
Figure 4. FFMQ tot al score as a predictor
Figure 5. FFMQ@Nonreactivityfacea s a predi ct or of the8 Str oo
Figure 6. FFMQOb ser vi ng facet as a predict®r of a

Chapter 30 The Impact of Mindfulness Training on Electrophysiological Indices of

Cognitive Control

Figure 1. lllustration of thenont i t r at ed Di git Stroop tdaskééé

Figure 2. Results for seteport mindfulness measures: FFMIpserve, FFM®

Nonjudge, FFM@Nonr eact, FM|I ééééeééeéeéecécécé/Béecéecée.
Figure 3. Behavioural results: Response Times (RTS)....ccovvvieiiiiiieememee e @

Figure 4. Behaviour al results: Accurlacyée. é
Figure 5. Behavioural results: Pdstror SIowing (PES)........ccvvviiiiiis 2...8

Figure 6. Behavioural results: Stroop interferendeefc t ¢ é é é. . € éé e e3¢ . é. . . |

XV



Figure 7. ERP wavefor ms: P1 and N1 a4t PO7/
Figure 8. ERP results: P1 peak | atenscyéé?é.
Figure 9. ERP results: N1 mean ampli6tude¢éée
Figure 10. ERP waveforms:N2al P3a at FCz. é. . . éé ééaBééeeéeéé
Figure 11. ERP results: N2 mean ampB3 tudeé
Figure 12. ERP results: P3a peak | a®%lencyéé
Figure 13. ERP waveforms: P3b at Pz®éééééeé
Figure 14. ERPresults:P3em k | at encyééeéeéeeeeeéeéeéé8Beceee.
Figure 15. ERP waveforms: ERN and P& at FC
Figure 16. ERP results: ERN peak | atéencyéé
Figure 17. ERP results: Pe peak ampbrtudeé

Chapter 40 The Impact of Mindfulness Training on Electrophysiological Indices of

Cognitive Control When Task Difficulty is Increased

Figure 1. l'l'lustration of the titratbed Dig

Figure 2. Results for seteport mindfulness measures: FFM@pserve, FMQ-

Nonjudge, FFM@Nonr eact , FMI éééeéeeéeéeéééééececelpeeeéeél
Figure 3. Behavioural results: Response Times (RTS).......ccooccivmiiiiiiiiiiiieicieeee 41....... 1
Figure 4. Behaviour al results: Accu#d2acyée. é
Figure 5. Behavioural ressltPostError SIowing (PES)........ccvvvviiiiiiiiis 43.1
Figure 6. Behavioural results: Strodp inte

Figure 7. ERP waveforms: P1 and N1 a6 PO7/

Figure 8. ERPresults: Plgp&k ampl i tudeééé. .. ééééeéedgeéeéeé

Figure 9. ERP results: P1 peak | ate#8cyéécéé

XVi



Figure 10. ERP resul ts: N1 peak amp#9 tude.
Figure 11. ERP results: N1 peak | at®ncyé.

Figure 12. ERPwavf or ms: N2 and P3a at FCzéeéeeéeléeéeée
Figure 13. ERP resul ts: N2 peak ampl2itudeé
Figure 14. ERP results: N2 peak | ate&ncyééé

,,,,,,,,,,,,,

Figure 16. ERP results: P3a peak | atéencyéé
Figure 17. ERP waveforms: P3b at Pzeéereeeéeéeéeé
Figure 18. ERP results: P3b peak amp8l i tude
Figure 20. ERP waveforms: ERN and P8&9 at FC
Figure 21. ERP resul ts: ERN peak ampl i tude

Figure 22. ERP results: Pe peak ampllitude

XVii



Declaration of Academic Achievement

This dissertation contains three studies that aim to expand the literature on mindfulness
and cognitive control. | am the first author on all three studies, which will be submitted for
publication. All three studies haveen in collaboration with my current supervisors, Dr.

Heather McNeely and Dr. Margaret McKinnon, as well as my former supervisor and
collaborator, Dr. Judith Shedden, and her former-gostoral fellow, Dr. John Grundy.

Chapter Two establishes an enmaf relationship between the construct of dispositional
mindfulness and behavioural indices of Digit Stroop task within two experimental contexts:
when task difficulty was not manipulated (ntinated) and when task difficulty was increased
(titrated. This task was conceptualized by Dr. Judith Shedden, who programmed the original
task. Undergraduate research assistant, Dominika Bhatia (whom | trained and supervised),
helped collect the data. With guidance from Dr. John Grundy and Dr. Judith Shiegddsn,
responsible for manipulating the programming code, developing the hypotheses and design of
the experiment as well as computing all data analysis. | wrote the introduction, methods, results
and discussion of this manuscript and created all figuretabites. Both Dr. Heather McNeely
and | edited and revised tfiest draft of themanuscriptAll co-authors, including Dr. Margaret
McKinnon, Dr. Brenda Key and Dr. Judith Sheddesmmented on subsequent versions of the
manuscripbefore reading and appring the final manuscript.

Chapter Three involves using EEG and ERPs to identify precise neural mechanisms
underlying the empirical relationship between mindfulness and cognitive control by introducing
a novel active control training condition (guideduasimagery meditation) that contrasts
passive attention regulation with the focused attention regulation in mindfulness meditation. In

doing so, | examine changes to stimdlosked and respondecked ERPs during the nen

XViii



modified Digit Stroop task aftetwo weeks of daily training. This task was conceptualized and
originally programmed by Dr. Judith Shedden. Undergraduate Honours thesis students,
Dominika Bhatia and Soumya Saini (whom | trained and supervised), helped manage participant
enrolment, organgtraining sessions and collect the EEG data. With guidance from Dr. John
Grundy and Dr. Judith Shedden, | was responsible for manipulating the programming code,
developing the hypotheses and design of the experiment as vudghéif/ing and extractingie
ERP components armbmputing all data analysis. Research assistant, Joey Legere, assisted in
programmingVIATLAB and SHARCNET for EEG data analysis. | wrote the introduction,
methods, results and discussion of the manuscript and created all figureBr Badather
McNeely and | edited and revised the manuscript.

Chapter Four sought to replicated extendhe findings from Chapter Three and
examine changes to these electrophysiological indices of cognitive control when the cognitive
control system istllenged by increasing task difficulty using the titraDeglit Stroop task.
This task was conceptualized and originally programmed by Dr. Judith Shedden. Undergraduate
Honours thesis students, Dominika Bhatia and Soumya Saini (whom | trained and sdpervis
helped manage participant enrolment, organize training sessions and collect the EEG data. With
guidance from Dr. John Grundy and Dr. Judith Shedden, | was responsible for manipulating the
programming code, developing the hypotheses and design oftbereent as well as
identifying and extracting ERPs andmputing all data analysis. Research assistant, Joey
Legere, assisted in programmikBATLAB and SHARCNET for EEG data analysis. | wrote the
introduction, methodgesults,and discussion of the masuript and created all figures. Both Dr.

Heather McNeely and | edited and revised the manuscript.

XiX



All of my former and current committee members, including Dr. Scott Watter, Dr. Bruce
Milliken, Dr. Karin Humphreys, Dr. Margaret McKinnon and Dr. BidarKey, have provided

valuable feedback on all three studies within this dissertation

XX



Ph.D. Thesi8 S. Krishnamoorthy; McMaster UniversityPsychology, Neuroscience & Behaviour

Chapter 16 Introduction

SwapnaKrishnamoortly



Ph.D. Thesi8 S. Krishnamoorthy; McMaster UniversityPsychology, Neuroscience & Behaviour

Thesis Overview

Broadly conceptualized as preseentered and nejudgmental awareness, mindfulness
involves maintaining awareness of current montenrhoment experiences by sustaining
attention on relevant information, ignoring or inhibiting irrelevant information,enibnitoring
and disengaging from any judgment or elaborative processing that arises (Bishop et al., 2004;
Kabatzinn, 1990). In recent decades, widespread scientific interest in mindfulness has
documented various adaptive neurobiological, psychologichbahavioural outcomes,
furthering our empirical understanding of the construct and its relationship with general
cognitive functions, various psychopathologies and diverse facets of mental and physical well
being. As a construct fundamentally concernitigrdion, an emerging body of literature has
explored the convergence (and divergence) between mindfulness and related attentional
constructs, such as executive function and cognitive control. While various studies have
examined the overlapping relationghietween mindfulness and cognitive control, discrepancies
in experimental design have led to conflicting evidence on the salutary effects of mindfulness
attention regulation on cognitive control performance. Furthermore, the precise neural
mechanisms undlging these effects are not very well understood. The principal aim of this
doctoral thesis is to investigate the effects of mindful attention regulation on behavioural and
neural correlates of cognitive control using the Higimporal resolution of evemelated
potentials (ERPs)xtracted from continuous electroencephalogram (EEG) recduded) two
variations of the Stroemterference paradigm designed to vary demands on cognitive control.
This chapter will provide an introduction to the thesis bst filiscussing the background and
context, followed by the research problems, the research aims, the significance of this research

and finally, its limitations.
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Background and Context

During daily activities, we must alter our thoughatsl behaviouadapively from
moment to moment in order to meet the cognitive demands of current goals. By focusing
attention on present goals anedieacting attention from distractions, mindfulness training
enhances monitoring @homenito-momentfluctuations in cognitivelemands. As a result,
meditators can develop greater control over a set of cognitive processes that promote useful
behavioural adaptations. Although modern scientific inquiry of mindfulness is relatively recent,
the deliberate exercise of mindful attenti@gulation has been practiced for over 2,500 years as
a way to observe and gain insight into ongoing events and experiences. Because mindfulness
involves successfully sustaining, monitoring and regulating attention, an emerging body of
literature has expred the relationship between mindfulness and reletgditive constructs,
such as executive function and cognitive control.

Both executive function and cognitive control are often used synonymasslyre
regulatory processes that optimize gdaéded behaviours by overriding automaticity
(Friedman & Robbins, 2022; Schneider & Shiffrin, 1977). While executive functimhrisader
notionthat has roots in the field of clinical neuropsychology amcompasssa number of
cognitive processes reliant @arious frontally mediated neural netwqrkegnitive control is a
term derived from studies in cognitive neuroscience and has been associated with a network of
neural activity primarily involving the prefrontal cortex (PFC) and related regions sucé as t
cingulate cortex (Miller & Cohen, 2001; Carter et al., 19898}his thesisthe termcognitive
controlis used taeferto a set ofexecutiveprocesses that select and successfully monitor
information relevant to current goals while ignoring or intmilg irrelevant information,

facilitating information processing and behaviour to vary adaptively from moment to moment
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depending on those chosen goals (Botvinick et al., 2001; Cohen et al., 2000; Morton et al., 2011,
Posner et al., 2004).

A seminal accont of cognitive control by Miller and Cohen (2001) proposed that goals
and the means to achieve them are represented by the active maintenance of patterned activity in
the PFC. These patterns of neural activation in the PFC provide signals to otheirbcaimes
that guide neural pathways of information processing to successfully map the inputs, internal
states, and outputs needed to perform a given task (Miller & Cohen, 2001). In the face of
cognitive interference or conflict between streams of infailemathe role of the PFC involves
the contextual biasing of attention to resolve conflict and exert attentional control. For example,
in the classic Stroemterference paradigm (Stroop, 1935; MacLeod, 1991), participants are
presented with a colour word@ asked to correctly name the colour of thetivkword is
printed in while ignoring or inhibiting the prepotent tendency to read and name the word itself.
In incongruent conditions, where the colour of the ink (gmen) is incompatible or in cordti
with the meaning of the word (e.§RED), the prepotency of wonetading over naming thek
colour causes cognitive interference, resulting in delayed decisional latency that is resolved by
focusing or biasing attention on the colour of the ink. In,tthiis interference leads to activation
of the anterior cingulate cortex (ACC), which detects conflict, and is accompanied by activations
of the dorsolateral (dI)PFC, which resolves conflict by mediatingltopn adjustments of
response control (Carter @&t, 1998; Kerns et al., 2005). According to this theoretical model of
cognitive control, the ACC detects conflict that is resolved by th&ldoym attentional control
and contextual biasing of response options from the dIPFC (Miller & Cohen, 2001).

Miyake and colleagues (2000) further organized cognitive control processes into three

key constructs: inhibition of prepotent responses (stopping an automatic response, sometimes in
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order to make an alternative response), updating working memory (continuepisiging
information that is no longer relevant in working memory with newly relevant information
observed in the environment), and shifting attention (switching between two alternative tasks).
Taken together, these core cognitive control abilities med@aloriented behaviour by

inhibiting irrelevant automatic impulses or responses, dynamically updating working memory
with relevantinformation,and shifting attention as necessary, depending on the demands of
current goals. Such performance monitoriatates directly to the cultivation of mindfulness, as
deliberate mindful practice requires maintaining rreignitive awareness of the current
experience by sustaining attention on relevant information teaysing on sensations of the
breath), ignoring or inhibiting prepotent impulses (g&gisting rumination or mind/andering),
while updating working memory with relevant information (godpserving thoughts, emotions

or sensations of the breath asytlagise) and switching attention (e.disengaging from any
elaborative processing or judgment of internal or external distractions and redirecting attention
back to the sensations of the breath). By regulating attention in this manner, mindfulness practi
is an ideal vehicle for the cultivation of cognitive control.

Accordingly, a wealth of studidsasexamined the impact of mindfulness on various
measures of cognitive control. The most consistent findings belong to behavioural studies that
examined coflict resolution using stimuli that present competing streams of information, such
as the Stroop taslke@.,Allen et al., 2012; Chan & Woollacot, 2007; Moore & Malinowski,

2009; Teper & Inzlicht, 2013; WerBormaz, 2005). Other mindfulness studies hase flund
enhanced cognitive control performance on tasks such as the Attention Network Test (ANT; Fan
et al., 2002; Jha et al., 2007; Tang et al., 2007), an Internal Switching Task (Chambers et al.,

2008) and the Continuous Performance Task (CPT; Rostald €956; Semple, 2010; Servan
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Schreiber et al., 1996). However, other studies using similar behavioural paradigms showed little
to no effect of mindfulness on measures of executive funcBvodp Anderson et al., 2007;
Josefsson & Broberg, 2011; M@oet al., 2012; Polak, 2009; Semple, 2(El@&nker. Larson et

al., 2013;ANT: Polak, 2009), leading to cautious interpretations orsdhataryeffects of

mindfulness on cognitive control.

More recently, an emerging body of literature has used theténgporal resolution of
event related potential&E RP3 extracted from electroencephalogram (EEG) recordings of brain
activity arising continuously during task performancelisentangle discrepant findings by
examining the neural underpinnings of mindfulnasd cognitive control. In the cognitive
electrophysiology literature, the most reliaBlePmarkers of executive attention and cognitive
control include the N2, P3a, P3b, ERN and Pe components. The N2, P3a and P3b waveforms are
examples of stimulubbckedERP components that are tisfieeked to the onset of stimulus
presentation during a task. The ERN and Pe waveforms are examples of réspioed&RP
components that are tintecked to the onset of response completion during a task. While the
amplitude ofERP componentsadexesthe allocation of resources to particular processing that is
unfolding, the latency of the waveform signals the speed of processing.

The N2 is a negative deflection that is observed 200 to 400 mstpustus in anterior
regions ad is considered an index of conflict monitoring and inhibition (Bruin et al., 2001;
Donkers & Van Boxtel, 2004; Folstein & Van Petten, 2008; Nieuwenhuis et al, 2003;).
Mindfulness has mainly been associated with increased N2 amplitudes during variatigecogn
control tasks, suggesting enhanced conflict detection and monitoring as well as inhibitory
suppression of incorrect responsasditory oddball taskAtchley et al., 20165troop

Malinowski et al., 2017; Moore et al., 201@\T: Norris et al., 2018G0/Nogo Quaglia et al.,
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2016) However, at least one study lsmwna null effect on N2 modulation after mindfulness
training (Go/Nogo Schoenberg et al., 2014).

The P3a is a positive deflection that peaks approximately 300 to 400 ms in anterior
regionsof the scalpand is thought to reflect unconscious, involuntary or automatic stimulus
driven attention to salient or unexpected events (Bush et al., 2000; Escera et al., 2001; Folstein &
Van Petten, 2008; MulleGass et al., 2007; Salisbury et al., 20@though studies examining
the impact of mindfulness on the P3a are very limited, a reduced P3a amplitude was observed
during an auditory oddball task in expert Vipassana meditators during a meditative state,
suggesting reduced stimuldsiven attentioal capture to irrelevant, yet salient stimuli (Cahn &
Polich, 2009). This supports the hypothesis that mindfulness facilitates unbiased information
processing by disengaging the attentional system from stirdulsn activation (Verdonk et
al., 2020). Ircontrast, an increased P3a amplitude was observed during-&oAuous
Performance Task (AXCPT; Dias et al., 2003; MacDonald, 2008; Ser@amhreiber et al., 1996)
after 8 weeks of MBSR training, interpreted as greater inhibition of prepotent respgnses
reactive (rather than proactive) cognitive control mechanisms (Incagli et al., 2020; Morales et al.,
2015).

The P3b is a positivity observed in tempepalietalscalpregions 300 to 500 ms pest
stimulus and is widely considered a signature of cons@ocsss to or conscious processing of a
stimulus (Dehaene & Changeux, 2011; Folstein & Van Petten, 2008; Johnson & Donchin, 1980;
Polich, 2007). Although some studies show no effect of mindfulness on the P3b (Norris et al.,
2018; Malinowski et al., 2017indfulness has mainly been associated with increased P3b
amplitudes when processing tagtevant stimuli (Atchley et al., 2016; DelgaBastor et al.,

2013; Smart et al., 2016) and decreased P3b amplitudes when inhibitioniofetestant
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processing warequired (Atchley et al., 2016; Howells et al., 2012; Moore et al., 2012; Slagter et
al., 2007). This supports the hypothesis that mindfulness modulates the threshold of conscious
access to goaklevant information through attentional amplification (Mamk et al., 2020).

Finally, the erroirelated negativity (ERN) and error positivity (Pe) are two of the most
reliable neural markers associated with monitoring and evaluating performance, indexing the
neural response of cognitive control after an esa@ommitted. The ERN is a negative
deflection that is observed within 100 ms in anterior regadriee scalpafter error commission
and is considered an index of error monitoring and evaluative control (Endrass & Ullsperger,
2014, Falkenstein et al., 200Behring et al., 2012). Following the ERN, the Pe is a positive
deflection that peaks around 100 to 200 ms after an error is committed and is thought to reflect
motivational significance of errors, reflected by larger amplitudes on trials with conscious
awareness of error commission (Logan et al., 2015; Steinhauser & Yeung, 2012). While some
studies show an increased ERN associated with mindfulness reflecting greater attention in
response to errors (Eichel & Stahl, 2017; Saunders, Rodrigo, & Inzlicht, 3018t &

Segalowitz, 2017; Teper & Inzlicht, 2013) other studies show decré&¥ddcamplitudepr no

change, resulting in mixed interpretations (Bidgnar et al., 2016; Larson et al., 2013;

Schoenberg et al., 2014). Likewise, the impact of mindfulnes®anodulation is unclear, with

some studies showing an increased amplitude reflecting greater conscious awareness in response
to an error (Schoenberg et al., 2014), some studies showing a decreased amplitude interpreted as
attenuated salience or awarenessrror commission (Larson et al., 2013) while others showed

no change in Pe modulation (Bk@pnar et al., 2016; Saunders et al., 2016; Smart & Segalowitz,

2017; Teper & Inzlicht, 2013).
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Although not typically studied in the mindfulness and cognitmeto| ERPliterature,
the P1 and N1 components are related to sensory processing in visual cortices and are modulated
by focus of attention with scalp distributions located at occipital regions in the hemisphere
contralateral to the stimulus location (AhadaMendez et al., 2022; Debruille et al., 2019). The
P1 is the first positive ERP component observed 80 to 130 msfrosius and is immediately
followed by the N1 component, which is a negative deflection observed 130 to 190 ms post
stimulus (Debruikk et al., 2019; Ahumaedendez et al., 2022). Although previous research has
shown the P1 and N1 are sensitive to spatial and febased selective attention (Hillyard &
Munte,1984; Mangun, 1995), increased N1 amplitudes have been observed during a Stroo
matching task, providing evidence of modulations in early sensory processing duringli®&&oop
paradigms (David et al., 2011). Furthermore, Moore et al. (2012) comparedeoialiEtroop
performance after 16 weeks of mindfulness training using a pepulaf healthy younger adults
and reported an increased N2 amplitude on incongruent tiie¥gever,their reported increase
of a negative deflection that peaked between 160 and 240 ms over epaipdtial regions of
both hemispheres better fits the fdeof an N1 component, rather than an N2 component.
Al t hough the P1 and N1 are not indices of <cog
plausible that the mindful practice of focusing attention ontakkvant information can enhance
early sensory processing sensitive to selective attentiontingsinl modulations of P1 and N1
components.

Taken together, the majority of eviderfoem prior studieshows that mindfulness is
associated with enhanced behavioural performance on variousnasksng executive function
as well as modulations of ERFeflectingneural markers atognitive control processes such as

conflict monitoring (N2), automatic allocation of stimuldsven attention (P3a), conscious
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stimulus evaluation (P3b), and error processing (ERN andMegover although less
extensivey studied to datenindfulnessmay also influence ERPs related to early sensory
processing sensitive to selective attention (P1 and N1).
Research Problem

Studies investigating the salutary effects of mindfulness on behaviour and neural
correlates of exedive function are increasing, with the majority of evidence establishing a
robust relationship between mindfulness and enhanced cognitive control. However, the precise
neuraognitive mechanisms underlying this relationship are still unclear and difficulterpret
with such large discrepancies in experimental delsggween studies-or example, in the
current literature, mindfulness is typically operationalized and studied indlifeentways: as
a state evoked by brief induction usually in novicaaive meditators, as a trdiike training
outcome of continued formal practice in experienced meditators, or as an inherent disposition
that varies across individuals using selport measures. While some creestional studies
have examined the impaaf brief mindfulness induction in naive meditators (Bldgnar et al.,
2016; Larson et al., 2013; Norris et al., 2018; Saunders et al., 2016), othesentigsal designs
have examined the impact of lotgrm mindfulness practice in experienced mediga{Atchley
et al., 2016; Teper & Inzlicht, 2013), characterizing two extremes of mindfulness expertise and
their respective impact on cognitive control. Other studies have operationalized mindfulness as
an inherent disposition using sedported psychogtric measures, but their interpretations are
limited by test validity, reliability and the distribution of responses used to categorize
participants into groups of low mindfulness and high mindfulness based on a median split

(Quaglia et al., 2016; Eichet al., 2017).

10



Ph.D. Thesi8 S. Krishnamoorthy; McMaster UniversityPsychology, Neuroscience & Behaviour

This discrepancyighlights the value of carefully controlled longitudinal studies that
examine hypothesized changes to behavioural and neural correlates of cognitive control before
and after a mindfulness intervention using an appropec@éol condition to contrast and isolate
the unique effects of mindful attention regulati@acking frommost mindfulness studie®/hile
some studies compare mindfulness training with waitlist controls who are not engaging in any
training program betweedesting sessions (Moore et al., 2012; Schoenberg et al., 2014), other
studies compare mindfulness training with active control groups who are engaging in various
activities ranging from Pilates fitness programs to psychoeducatrairahg andorain traning
exercises (Incagli et al., 2020; Malinowski et al., 2017; Smart et al., 2017).

Finally, the effects of mindful attention regulation on cognitive control may not be
detected unless those underlying cognitive control mechanisms are sufficiently géllen
While a number of studies showed that mindfulness is associated with improved cognitive
performance$troop Allen et al., 2012; Chan & Wollacott, 2007; Moore & Malinowski, 2009;
Teper & Inzlicht, 2013; WeniSormaz, 2005ANT: Jha et al., 2007; Tang &., 2007), other
studies have found little to no behavioural differences after mindfulness tra$tnogyg
Anderson et al., 2007; Josefsson & Broberg, 2011; Moore et al., 2012; Polak, 2009; Semple,
2010;ANT: Polak, 2009Flanker. Larson et al., 2013Without sufficient demands on cognitive
control processes, the effects of mindfulness on cognitive cattilidles may not be
observable, contributing to inconsistéintdings andinterpretations in the mindfulness literature.

As such, the outcome bkhavioural and electrophysiological studies of mindfulness and
cognitive control can vary greatly depending on how mindfulness is operationalized within the
experimental design, what kind of control condition is used to contrast any mindfulness training,

and whether executive function tasks sufficiently challenge the cognitive control processes that
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are associated with mindful attention regulation. As a result, it is currently difficult to interpret
theeffects of mindfulness on cognitive contuding belvioural and electrophysiological
measuresvithout carefully controlled longitudinal designs tivatludean appropriate control
groupin orderto isolate the cognitive control mechanisms unique to mindful attention regulation
andtasks designed to suffamtly challenge demands on cognitive control.

Research Aimsand Objectives

The principal aim of this doctoral thesis is to investigate the impact of mindfulness on
behavioural and neural correlates of cognitive contrdlealthy young adultssing the hgh-
temporal resolution of EEG to record ongoing brain activitynaditatorsadapt to varying
cognitive demands during two different variations of the Stiatgrference paradigm.

Specifically, there are three main research objectives to achieve the principal aim of this
thesis. The first research objective is to examine the overlapping constructs of mindfulness and
cognitive control by establishing an empirical relationship betyssgnhometric measures$
dispositionaimindfulnessn a sample of nameditators usingwo executive functionasks
designed to vary demands on cognitive control. The second research objective is to identify
neural markers of cognitive contrgppecifically associated with mindfulness mindful attention
regulation training passive attention regulation training. The third research objective is to
compare and contrast changes to these neural mafkewgnitive controbfter mindfulness
training or active cainol training when cognitive control processes are sufficiently challenged on
a task designed to manipulate difficulty.

Significance
By using the high temporal resolution of electroencephalography to recorerelatati

potentials during variations ofagnitive control task designed to manipulate task difficulty, this
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thesis examines ongoing brain activity in mindfulness meditatrsis appropriate contras
they adapt to varying demands on cognitive control. Compared to the passive attentatioregul
in the novel active control training condition, the specific practice of sustaining focus,
disengaging from distractions and redirecting attention in mindfulness meditation is
hypothesized to change neural activity that dreflected inunique clanges to well
established ERP markers of executive function and cognitive control. This work will be the first
to contrast components of focused attention regulation with components of passive attention
regulation to isolate specific effects of the atmtiegulation unique to mindfulness meditation,
particularly when cognitive control processes are sufficiently challenged. Accordingly, this
inclusion of a novel active control training will serve as a replication control for the findings of
an expansiveterature on the salutary effects of mindfulness. The results of this thesis have
important implications for our empirical understanding of mindfulnesgpay@hological
construct, theeurocognitivenechanisms involved in mindful attention regulatiand their
convergence with wekstablished mechanisms of executive function and cognitive control. As
an accessible and ideal tool for the cultivation of cognitive control, the implicatidhis of
program ofmindfulness research also have meaningful apiidins to everyday performance
monitoring. By integrating processes of attention regulation, cognitive control and their
underlying neural mechanisms to study specific experidependent changes, this thesis is vital
in broadening the knowledge of fundamal psychological processes involved in the transfer of
trained attentiorvia mindfulnesgo real world performance monitoring.
Limitations

In this thesis, mindfulness is operationalized as an inherent dispdsispositional

mindfulness}hat varies across individuadsdas a training outcome of shdaerm daily
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mindfulness practice. However, the scope of this thesisrdueslow for anevaluaton of how
dispositional mindfulness interacts withanges ibehavioural and electrophysiological

correlates of cognitive control after two weeks of mindfulness practice. Consequently, a key
assumption of this thesis is that mindfulness training influences cognitive control equally across
naive meditators, regardleséwhether they are high or low in dispositional mindfulness before
training. However, the salutary effects of mindfulness training may have more impact or may
only be observable in individuals who are low in dispositional mindfulpessto training

To completely isolate the effects of mindfulness training on cognitive control, the
inclusion of an inactive control condition in addition to an active control condition is necessary
to rule out training outcomes that are a resutaek practiceeffects.Due to logistical constraints
on time and resources, this thesis does not compare mindfulness training and active control
training with an inactive contr ol g-tesiang t hat
posttest sessions. Therefore, thesearch cannot confirm whether the active control condition
influences cognitive control processes by virtue of engaging domain general attentional
mechanisms.

To constrain the focus of mindfulness on cognitive control, this thesis operationalizes
mindfulness in a secular way, focusing on attentional influences involved in mindful attention
regulation rather than the affective influences that are associated with the emotional acceptance
and nonjudgmental aspects of mindfulness practice. Although manmguiask difficulty may
increase motivational and emotional salience during the cognitive control task, this thesis does
not directly examine affective or motivational influencegtmbehavioural and
neurophysiological correlates obgnitive control performance. Therefore, the results of this

doctoral research do not extend to ¢imeotional acceptance and nonjudgmefaeagts of
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mindfulnesghatare related temotional and psychological wdiking an essential hallmark
and enticingapplication of mindfulness practice.

Finally, it is important to acknowledge thidie construct of mindfulness has been ever
secularized in Western science in order to empirically study the relationship between
mindfulness and related attentional conssuslthoughthis thesis examines the effects of
mindfulness on cognitive control using a relatively homogenous sample of young, healthy adults
with no previous meditation experientiee findings in thigprogram of researamay not
generalize to childremlder adults, clinical populations, or special populations,(expert
meditators) who might differ in cognitive control abilities and their engagement with
mindfulness practice. Likewise, the findings of this thesis also may not generalize to
heterogeneus groups with diverse ethnicities and cultural experiences who may conceptualize
mindfulness in norsecular ways. Along the same lines, there are a number of meditative
practices that involve components of mindfulness, such as Zen meditation, Trantienden
Meditationl, Vipassana meditation, Qigong meditation, Tai Chi, and Yoga with the most diffuse
forms derived from Hinduism and Buddhism spiritual traditions (Tomasino et al., 2014).
Therefore, it is critical to acknowledge the various ancestries affoliress practice to avoid
appropriation of norsecular traditions in the pursuit of scientific inquiry.

Outline of Present Research

Chapter One introduces the context of this research, provides the relevant background to
understand the research aim, ahijpes and questions, and discusses the implications as well as
the limitations of this doctoral thesis.

Chapter Two examines the empirical relationship between dispositional mindfulness and

cognitive control within a population gbung adultavithout ary formal mindfulness training.
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In this chapterself-report measures of dispositional or trait mindfulne®susedo examine
which facets of mindful attention regulation predict behavioural performance on two variations
of theDigit Stroop task (variatio of the classic Stroemterference paradigm), designed to
manipulate difficulty and vary cognitive control demands thereby increasing sensitivity to
mindfulnessrelated behaviouralifferences

Chapter Three introduces a novel active control condigardéd visual imagery
meditation) in a carefully controlled longitudinal training stulgignedo isolate the unique
effects of mindfulness training on both stimulosked and respondecked electrophysiological
indices of cognitive control during tl2igit Stroop task. Compared to the passive attention
regulation intheguided visual imagery meditati@ontrol group the specific practice of
sustaining focus, disengaging from distractions and redirecting attention in mindfulness
meditationtrainingis hypothesized to change neural activity tbat be captured hynique
changes t&RPindices of early sensory processing (P1 and N1), conflict detection (N2),
stimulusdriven attentional capture (P3a), conscious stimulus evaluation (P3b) and error
monitoring (ERN and Pe).

Chapter Four aimed to capture an electrophysiological time course of cognitive control
mechanisms associated with mindfulness by examining both sthiagkesd and response
locked ERPs in a mindfulness training graugosus the guided vigal imageryactive training
group using a cognitive control task designed to increase difficulty. By manipulating task
difficulty and comparing mindfulness training withie samenovel active control groupsingthe
same samplef participantsfrom thecarefully controlled longitudinal design Chapter Three

this chapter sought to replicate the findings from Chapter Three, while documenting the effects
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of mindfulness training on ERP markers of executive function when cognitive control is
sufficiently challenged.

Chapter Five reviews the research problem and answers the research questions presented
in this thesis by summarizing key findings, interpreting main results, and providing a critical
analysis of their convergence and divergence vighcurrent mindfulness literature. This
chapter also acknowledges the limitations of Chapter Two, Chapter Three, and Chapter Four,
while discussing practical applications of main findings, proposing suggestions for future

research and providing a concluglisummary of the overall thesis.
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Chapter 20 Dispositional Mindfulness Predicts Cognitive Control Performance
Swapna Krishnamoorthyjeather E. McNeely, Margaret C. McKinnon, Brenda L. lked

Judith M. Shedden
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Abstract
Althoughnumerous studies have examined the effects of mindfulness training on cognitive
control, it remains unclear whether mindfulness practice always leads to performance benefits.
One potential explanation for this discrepancy is that individuals vary in dispas
mindfulness, or the propensity to dwell in mindful states. Many outcome studies, however, do
not take dispositional mindfulnesgo accountind tlereforecannot rule out the impact of pre
existing differences. Furthermore, effects of mindfulnessamgnitive performance may not be
observable unless task demands are sufficiently challenging. Here, we use the Mindful Attention
Awareness Scale (MAAS) and the Five Facet Mindfulness Questionnaire (FFMQ) to examine
whether dispositional mindfulness pretdi performance outcomes on two variations oftggt
Stroop task designed to manipulate cognitive control demands. We used regression analyses to
assess whether measures of trait mindfulness significantly predicted response times (RT),
accuracy, Stroomterference effect, postrror slowing (PES), or sequential congruency effect
(SCE). In Experiment 1, where task difficulty was not manipulated, measures of dispositional
mindfulness did not predict any indices of cognitive control performance. In Exgrerin
where cognitive control demands were challenged, single linear regression analyses showed that
the MAAS significantly predicted a reduced Stroop interference effect, while total FFMQ
significantly predicted a smaller Stroop interference effect andracy on incongruent trials.
Multiple linear regression analyses of the FFMQ facets revealed that omNyiineactivity to
Inner Experiencéacet significantly predicted a smaller Stroop interference effect while the
Observingfacet significantly predied accuracy on congruent and incongruent trials. These
findings suggest that individual differences in dispositional mindfulness predict cognitive control

performance, but only when demands on these processes are experimentally challenged.
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Introduction

Mindfulness is typically studied in three different ways: as alik@toutcome of long
term formal practice, as a state evoked by brief practice, or as an inherent disposition that varies
across individuals using psychometric measures. Few studies, érowake individual
differences in dispositional mindfulness into account before evaluating the outcome of state or
trait-dependent changes of mindfulness practice, leading to inconsistent interpretations on the
effects of mindfulness practice in the s¢igo literature. This is important when studying the
relation between overlapping constructs like mindfulness and cognitive control, where individual
differences in dispositional mindfulness can explain variation in a set of processes measured by
behaviowal performance on cognitive control tasks. Here, we evaluate how individual
differences in dispositional or trait mindfulness predicts performance on two different versions of
the Digit Stroop task, designed to vary demands on cognitive control.

Mindfulness and cognitive control are overlapping constructs. Mindfuinds®adly
conceptualized as presesgntered and nejudgmental awarenedsinvolves maintaining meta
cognitive awareness of the current experience while sustaining attention-teleagint fatures
and disengaging from elaborative processing of irrelevant information (ZaiatJ., 1990;

Bishop et al., 2004). Cognitive control refers to the set of processes that focus on information
relevant to a particular goal while ignoring irrelevanbmfation (Morton et al., 2011). This
allows information processing and behaviour to vary adaptively from metoendment
depending on these goaBotvinick et al., 2001Cohen et al., 2000; Posner et al., 2004). By
focusing attention on present goals andirecting attention from distractions, mindfulness
practice can enhance moméotmoment awareness of fluctuations in cognitive demands.

Theoretically, in turn, meditats may develop greater control over a set of cognitive processes
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that promote useful behavioural adaptations. However, evidence of a robust empirical
relationship between mindfulness and cognitive control its relevance for everyday life remains
ambiguous.

Although various studies have examined the effects of mindfulness meditation on
attention and cognitive control, it remains unclear whether mindfulness training always leads to
performance benefits. Whereas some studies show significant improvemetientoreand
cognitive control measures such as the Stroop task (Stroop, 1935) or the Attention Network Test
(ANT; Fan et al., 2002) after mindfulness training, others do not. Numerous studies illustrate
mindfulness training is associated with a reduceddptinterference effect, thus reflecting an
enhanced ability to inhibit attention to salient yet tasi&levant information. Compared to an
active control condition, Allen and colleagues (2012) found glkamt mindfulness training can
reduce the Stroomterference effect after two hours of mindfulness training per week for six
weeks. Similarly, WenifSormaz (2005) reported 20 minutes of meditation can reduce Stroop
effect in meditabn naive participants compared to cognitive and resting control gréups.
similar effect is observed in experts, where meditation experience is associated with a reduced
Stroop interference effect, supporting the influence off@ngn mindfulness practice on
reducing interference between competing or conflicting channetdasmation (Chan &

Woollacott, 2007; Moore & Malinowski, 2009; Teper & Inzlicht, 2013).

Mindfulness training is also associated with altered performance on the Attention
Network Task (ANT), a combination of the cued reaction time (RT) (Posner, 1980)eand t
flanker task (Eriksen & Eriksen, 1974), which was designed to evaluate three distinct attentional
networks: alerting, orienting and executive attention (Fan et al., 2002). The ANT requires

participants to determine whether a central target arrow defts right and efficiency of each
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network is measured by calculating the influence of alerting cues, spatial cues, or flankers on
mean response times (Fan et al., 2002). Specifically, when the central arrow is flanked by two
congruent or incongruent aws, executive attention or conflict monitoring performance is
assessed by subtracting mean RT of all congruent trials from the mean RT of all incongruent
trials (Fan et al., 2002). Critically, Tang et al. (2007) found that meditatire participants

who engaged in five days of brief integrative badind training (IBMT), a form of mindfulness
practice, demonstrated improved conflict monitoring performance on the executive attention
network portion of the task compared to an active control group thagedgn progressive
relaxation training. In contrast, Jha and colleagues (2007) evaluated ANT performance at two
different time points across 3 different groups: 1) a group of meditation naive individuals who
completed an-8veek mindfulnes®ased stressdeaction (MBSR) course focused on
concentrative meditation skills; 2) a group of individuals experienced with concentrative
meditation who participants in arhionth mindfulness retreat; and 3) an inactive control group
who were meditation native and recelveo mindfulness training. Relative to the MBSR and
inactive control groups, the experienced concentrative meditators showed improved conflict
monitoring performance at Time 1, reflecting greater executive attention efficiency at baseline.
There was, howear, no groupwise difference in conflict monitoring performance at Time 2
across all three groups, suggesting an influence of practice effects or a lack of task sensitivity in
detecting floor effects of mindfulness training on executive attention over smalarly, other
studies have found little to no behavioural differences in conflict monitoring performance after
mindfulness trainingtroop Anderson et al., 2007; JosefssbiiBroberg, 2011Moore et al.,

2012; Polak, 2009; Semple, 20 KNT: Polak, D09;Flanker. Larson et al., 2013).
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One potential explanation for this discrepancy is that individuals vary in their inherent
ability to sustain and regulate attention mindfully, even without any practice or formal training.
This propensity to dwell in mdful states over time is known as trait or dispositional
mindfulness and varies across individuals (Brown & Ryan, 2003; Brown et al., 2007; Kiken et
al., 2015). Dispositional mindfulness measured by the three most widely used measures, the
MAAS (Brown & Ryan, 2003), the Five Facet Mindfulness Questionnaire (FFMQ); Baer et al.,
2006) and its predecessor the Kentucky Inventory of Mindfulness Skills (KIMS; Baer et al.,
2004), has been shown to correlate with several theoretically meaningful indicators-loéwwegll
and psychopathology (see Brown et al., 2007 for review).

Here, higher dispositional mindfulness is associated with cognitive and behavioural
flexibility that produces more adaptive than maladaptive responses to events (Jordan et al., 2014;
Kim et al, 2011). For example, an emerging body of evidence suggests that the MAAS and
FFMQ subscaléct with Awareness moderately correlated with seported attentional
control (Brown et al., 2013; Quaglia et al., 2016). Along the same lines, FFMQ feeditst p
performance on visual working memory, temporal order, and conflict monitoring tasks (Anicha
et al., 2012) and individual differences on the MAAS predict-posflict recovery in a task
switching paradigm (Grundy et al., 2018). Accordingly, theamisirgent need to examine
dispositional mindfulness as a mediating or moderating factor in traimiluged effects.

Despite such knowledge, many studies do not take dispositional mindfulness into account when
measuring training effects and therefore @inule out preexisting differences in individuals

who are more or less prone to be in a mindful stagaling to inconsistent findings across

studies. Moreover, any trait or mindfulnegeguced state effects may remain undetected unless

adequate cognite control measures are used. Without varying demands on cognitive control,
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effects of mindfulness on behavioural performance may not be observable, contributing to
inconsistencies in the literature.

The current study examines how individual differenioeseltreported dispositional or
trait mindfulness predict performance on two variations of the Digit Stroop task that vary in
cognitive control demands and sensitivity to mindfulretated behavioural changes. Here, we
use the Mindful Attention Awaresss Scale (MAAS; Brown & Ryan, 2003) and the Five Facet
Mindfulness Questionnaire (FFMQ; Baer et al., 2006) to examine which measures of
dispositional mindfulness predict behavioural performance on a modified Digit Stroop task in
two experiments. Experimén 1 consi sts of 44 subjects who co
titratedo Digit Stroop task (no constraints o
who completed a modified or Atitratedo Digit
difficulty (accuracy maintained at /0%, see Figure 1). In both experiments, we used single
linear regression analyses to assess whether measures of overall dispositional mindfulness
(measured by the MAAS and FFMQ) significantly predicted response tini@sgéturacy,
Stroop interference effect, pestror slowing (PES), and sequential congruency effect (SCE).
Critically, we only expected to detect this relation in Experiment 2 where the task was
manipulated to vary demands on cognitive control. Finaleyalgo used multiple linear
regression analyses to identify which of the facets of dispositional mindfulness measured by the
FFMQ (Observing Describing Act with Awareness$Nonjudging of Inner Experiencand
Nonreactivity to Inner Experienc8aer et al.2006) predicted performance on a variation of the
Digit Stroop task designed to increase demands on cognitive control. Here, we hypothesized the
Observingor Act with Awarenesfacets would reflect the ability to sustain and switch attention

from trial to trial, predicting response times to congruent and incongruent trials, sequential
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congruency effects (SCE), as well as the Stroop interference effect. We further hypothesized that
theNonjudgingor Nonreactivityfacets would reflect disengagement of elabiwe processing,
predicting greater accuracy and pestor slowing (PES).
Methods

Experiment 1: Non-Titrated Digit Stroop Task
Participants

Forty-four undergraduate and graduate students were recruited from McMaster
Universitydés Department of Psychol ogy, Neur os
longitudinal meditation training study. The exact age of each participant was ectedlin this
study, but all were under the age of 30 years. All participants also had normal or corrected to
normal vision and provided informed consent before participating in the study. All procedures
complied with the Canadian T@ouncil Policy on Etits and were approved by the McMaster
Research Ethics Board.
Materials and Apparatus

All stimuli were presented on a Pentium class computer with Presentation® experimental
control software (Neuro Behavioural Systems; version 12.2) orirchZCRT monito with a
refresh rate of 85 Hz. The stimuli appeared in black,-sannumerals in the center of a grey
background. Visual angle of the stimuli ranged from 5° to 6° horizontally between left and right
edges of the outermost numbers and from 3° to Afcedly between upper and lower edges of
the outermost numbers. A chinrest was used to maintain a consistent viewing distance of
approximately 80 cm between participants. To assess dispositional mindfulness, the Mindfulness
Attention Awareness Scale (MAA8rown and Ryan 2003) and Five Facet Mindfulness

Questionnaire (FFMQ, Baer et al., 2006) were administered.
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Procedure

The Digit Stroop task is a variation of the classic Stroop task, used to measure cognitive
control and executive attention (Stroop, 223nstead of coloured words, the task stimuli were
strings of one to six digits presented in the center of a gray screen. All digits in the array had the
same identity (1, 2, 3, 4, 5, or 6) and the number of digits presented during each trial varied
rancbmly (from one digit to six digits). The digits were mapped to computer keys along the
bottom edge of the keyboar éehandiespansesdnd 6, and Ac
represented digits Alo, A20, and dioBrightmaeds pect i
responses and represented digits fA40, A50, an
respond as quickly and as accurately as possible by identifying the number of digits in the string,
while ignoring the identity of the digits thesiges. For example, the correct response to the
stimulus, A5 5 5 50 is M40 (since there are 4
corresponding A, 0 key. The stimulus set consi
congruent trialsthe string length matched the identity of the digit presented (e.g., the correct
answer to fi6 6 6 6 6 60 is A60). OnNn incongrue
identity (e.g., the correct mateswess (+t)twas i3 30 i
displayed at the center of the screen for an-miakinterval (ITI) that varied randomly from 400
to 800 milliseconds (ms). On each trial, the stimulus duration randomly varied from 800 to 1200
ms for the entire experiment. Thekaconsisted of 540 trials in total (50% congruent, 50%
incongruent), presented in ten blocks of 54 trials with brief breaks between each experimental
block. The experiment was conducted as part of a series of baseline measures in a larger,
longitudinal melitation training study. This portion of the experiment was conducted in less than

an hour. Participants were provided with informed consent following verbal and written
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explanation of the experiment. All participants completed the Digit Stroop taskebefor
completing electronic versions of the sedport measures to avoid any influence of mindfulness
items on task performance. After completing the experiment, participants received research

participation credit and a debriefing information sheet that suipeththe details of the study.
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Fig. 1lllustration of congruent and incongruent trial types presented during the Digit Stroop task
SelfReport Measures

Mindful Attention Awareness Scale (MAAS; Brown & Ryan, 2003) This measure
consists of 15 items designed to assess a core characteristic of dispositional or trait mindfulness,
focusing on the attention and awareness aspects of mindfulness, rather than the attitudinal
components of acceptance and Hueigment commonly emphasizedmindfulnessbased
interventions (Baer, 2003). All participants completed the validated scale usieg_&kért
scale &lmost alwayso almost never The scale has a singflector structure, resulting in a
single total score that measures mindfulnesa anidimensional construct. The final score is

computed by calculating the mean responses of all 15 items. Higher scores indicate higher levels
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of dispositional mi ndfulness. Sample items 1in
beingawareofwat | am doingo and Al find myself doi |
items are reverse scored).

Five Facet Mindfulness Questionnaire (FFMQ; Baer et al., 2006This measure
consists of 39 items designed to assess five factors that represegrtslef mindfulness as it is
currently conceptualized. It contains items from the Mindful Attention Awareness Scale (MAAS;
Brown & Ryan, 2003), the Freiburg Mindfulness Inventory (FMI; Walach et al., 2006), the
Kentucky Inventory of Mindfulness Skills (KIS; Baer et al., 2004), the Cognitive and
Affective Mindfulness Scale (CAMS; Feldman et al., 2007) and the mindfulness Questionnaire
(MQ; Chadwick et al., 2005). Baer et al. (2006) conducted an exploratory factor analysis to
identify five common subscales facets of mindfulnes®bserving Describing Acting with
AwarenessiNonjudging of inner experiencandNonreactivity to inner experienc®bserving
includes noticing or attending to internal and external experiences (such as sensations,
cognitions, and emotiondpescribinginvolves the ability to articulate internal experience with
words;Acting with Awarenessfers to the attention directedtoebsvi ng onedés acti v
present momenilonjudging of Inner Experiengevolves taking a nomvaluative stance
towards thoughts and feelingdpnreactivity to Inner Experiengefers to disengaging from
elaborative processing of thoughts or emotiotsat ar i s e. Sampl e items
smells and arQObsewisgy ;offilt hamggood (at finding worc
feel iDesggpribing; (Al find myself doi ngAdwithngs witho!
awarenessreverses ¢ o r etldnk soméidf my emotions are bad or inappropriate and | should
not f e eNonjuddingmeverges Cor ed) ; and 0l perceive my fe

having t o rNomeadtivity. All itdms arerated or( d & Likert scale Never or ery
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rarely trueto Very often or always trjeThe ratings are added across each subscale to produce a
total for each facet (ranging from 8 to 40) as well as a grand total for all five facets (ranging from
39 to 195). Higher scores indicate higher levéfaoet or total dispositional mindfulness.
Experiment 2: Titrated Digit Stroop Task
Participants

Forty-two undergraduate students (35 females, mean age = 19.03, SD = 2.58) were
recruited from McMaster Universit yBelmvioDrepart me
participant pool. All participants had normal or corredi@aormal vision and provided
informed consent before they were compensated with research participant credit. All procedures
complied with the Canadian F@ouncil Policy on Ethics angere approved by the McMaster
Research Ethics Board.
Materials and Apparatus

Materials and apparatus were identical to Experiment 1.
Procedure

Procedure was identical to Experiment 1, except stimulus duration was manipulated to
maintain accuracy level.rOeach trial, the stimulus duration randomly varied from 800 to 1200
ms and was titrated (+20ms) 20 trials, to maintain an accuracy level between 70% and 80%.
For example, if mean accuracy exceeded 80% on the previous 20 trials, the trial duraton of th
next 20 trials was decreased s to increase difficulty. Similarly, if mean accuracy dropped
below 70% on the previous 20 trials, the trial duration of the following 20 trials was increased by
20 ms. If participants were too slow at responding stiraulus (response time exceeded
stimulus duration), a warning appeared on the

difficulty was maintained, while participants were required to adjust the speed of response
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accordingly. The task consisted1d80 trials in total, randomly presented in 20 blocks of 54
trials with brief breaks were presented between each experimental block. The study was
conducted in a single session that lasted an hour. Participants provided informed consent
following verbal ad written explanation of the experiment. All participants completed the Digit
Stroop task before completing se#fport measures to avoid any influence of mindfulness items
on task performance. After completing the experiment, participants receivedcthesear
participation credit and a debriefing information sheet that summarized the details of the study.
Data Analysis

Response times were measured by calculating mean RT for congruent trials, incongruent
trials, and total trials. Accuracy was measured byutalmg proportion of correct trialsut of
correct and incorrect trial¥herefore, congruent accuracy was measured by calculating
proportion of correct congruent trials; incongruent accuracy was measured by calculating
proportion of correct incongruentdls; and total accuracy was measured by calculating
proportion of all correct trials. The Stroop interference effect was calculated by subtracting the
mean RT on congruent trials from the mean RT on incongruent trials. This difference was then
used as dependent variable in subsequent analyses-dPastslowing (PES) was measured by
calculating mean RT of correct trials following an error response. Congruent PES was measured
by calculating mean RT on correct congruent trials following an error, ingengPES was
measured by calculating mean RT on correct incongruent trials following an error, and total PES
was measured by calculating mean RT on all correct trials following an error. Finally, sequential
congrueny effects (SCE) were measuriy calculaing meant RT fofour differentdependent

variables mean RT foircongruentrials preceded by congruent trials (c@)ean RT for
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congruent trialpreceded by incongruent trials (iC), mean RT for incongruent trials preceded by
congruent trials (cl) and mean RT for incongruent trials preceded by incongruent trials (il).

Regression analyses were performedafbdependent variables 8T, accuracythe
Stroop interference effedESandSCEusing MAAS and FFMQ scores as predictor variables.
Single linear regressions were calculated to investigate whether MAAS and FFMQ total scores
predictedRT, accuracythe Stroop interference effe&ES,andSCE on both the nottitrated
and titrated variations of the Digit Stroop (Experiment 1 and Experiment 2, respectively). We
specifically hypothesized that overall dispositional mindfulness would predict better cognitive
control performance in Experiment 2, ek demands on cognitive control were increased and
therefore correlations between mindfulness measures and task performance may be better
detectedMultiple linear regressions were also calculated to identify which FFMQ facets
(Observing, Act with Awaress, Describing, NonjudgingndNonreactivity predicted RT,
accuracy, thé&troop interference effect, PES and SCE, and whether this relation was sensitive to
varying cognitive control demands between experiments. Specifically, we hypothesized that
Observig andAct with Awareneswould predict RT, SCE and Stroop interference, whereas
NonjudgingandNonreactivitywould predict differences in accuracy and PES and that these
differences would be better detected in Experiment 2 than in Experiment 1.

Results

Table 1 and Table 2 present descriptive statistics for all dependent variables for
Experiment 1 and Experiment 2, respectively. Table 3 and 4 present bivariate correlations for
selfreport mindfulness measures in Experiment 1 and Experiment 2, respectively.

Table 1.Descriptive Statistics for Experiment 1. Natrated Digit Stroop Task (n=44)

Mean Std Std Error Actual Potential
Deviation Range Range
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MAAS Total

MAAS Mean

FFMQ Total

FFMQ Observe
FFMQ Describe
FFMQ Awareness
FFMQ Nonjudgment
FFMQ Nonreactivity

Congruent RT
Incongruent RT
Total RT
PostError Slowing

Congruent RT

PostError Slowing
Incongruent RT

PostError Slowing Total

RT

Stroop Interference
Effect (Incongruerit
Congruent RT)

Sequential Congruency

Effect RT (cC)

Sequential Congruency

Effect RT (cl)

SequentiaCongruency

Effect RT (iC)

Sequential Congruency

Effect RT (il)

54.3864
3.477
118.7727
23.7273
24.7955
24.7045
26.0227
19.1364
554.9925

616.7208

583.9238

582.036

648.8269

612.2205

61.7283

547.5742

617.3781

560.2799

613.6236

11.50776
0.76668
11.73190
4.31527
4.88748
5.35085
6.46813
3.50807
40.84867

42.90055

40.91094

49.6184

51.29326

46.57162

16.88719

41.75268

44.69896

41.33267

43.34555

32

1.73486
0.11558
1.76915
0.65055
0.73681
0.80667
0.97511
0.52886
6.15817

6.4675

6.16756

7.48025

7.73275

7.02094

2.54584

6.29445

6.73862

6.23113

6.53459

32180
2i5.33
891 141
14133
12138
12139
12140
12127

464.15
630.26

536.26
723.59

506.58
663.93

474.82
684.73

563.54
756.97

511.26
702.50

26.76
114.43

460.71
623.72

517.56
714.07

466.15
641.80

548.73
733.33

15190
1i6
391195
8i 40

8i 40

8i 40
8140
7135

0
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Congruent Accuracy
(proportion correct)

Incongruent Accuracy

(proportion correct)

Total Accuracy
(proportion correct)

0.943

0.8432

0.8933

0.05896

0.07637

0.063

0.00889

0.01151

0.0095

611

.56 .94

.58 .97

0

0

Table 2.Descriptive Statistics for Experiment 2: Titrated Digit Stroop Task (n=42)

Mean Std Std Error Actual Potential
Deviation Range Range

MAAS Total 55.3810 13.97900 2.15701 3179 15190

MAAS Mean 3.6921 .93193 .14380 2.075.27 1i6

FFMQ Total 122.2143  22.34817 3.44840 641 182 391 195

FFMQ Observe 25.2381 5.73738 0.88530 13136 81 40

FFMQ Describe 26.6190 5.82238 0.89841 141 39 8140

FFMQ Awareness 24.2857 8.14289 1.25647 8i 40 8140

FFMQ Nonjudgment 25.4286 8.13347 1.25502 8i 40 8i 40

FFMQ Nonreactivity 20.6429 5.43171 0.83813 8i 35 7135

Congruent RT 588.5281 55.16112 8.51155 480.70 o}
745.40

Incongruent RT 649.2555 58.71364 9.05971 517.43 o}
799.62

Total RT 615.0732 56.44001 8.70888 499.50 0
769.09

PostError Slowing 602.2705 53.82753 8.30577 497.27 o}

Congruent RT 760.44

PostError Slowing 662.1299 57.98123 8.9467 531.54 o}

Incongruent RT 791.85

PostError Slowing Total 627.0609 54.49319 8.40848 512.45 o}

RT 774.69
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Stroop Interference
Effect (Incongruerit
Congruent RT)

Sequential Congruency
Effect RT (cC)

Sequential Congruency
Effect RT (cl)

Sequential Congruency
Effect RT (iC)

Sequential Congruency
Effect RT (il)

Congruent Accuracy
(proportion correct)

Incongruent Accuracy
(proportion correct)

Total Accuracy
(proportion correct)

60.7273

584.8946

649.3267

595.8803

648.3563

0.8861

0.7257

0.8083

18.04278

54.25326

60.43294

54.3209

58.43633

0.08827

0.09726

0.08921

2.78406

8.27146

9.325

8.3819

9.01692

0.01362

0.01501

0.01376

31.98
117.21

475.49
738.11

519.88
828.53

484.72
743.29

514.85
791.62
A48.90

.37 .86

A2 91

0

Table 3.Bivariate Correlations for SeReport Mindfulness Measures in Experiment 1: Non

titrated Digit Stroop Task (n=44)

Variable 1 3 4 5 6 7
1. MAAS 1

2. FFMQ Total -.322*

3. FFMQ Observe -005 434 1

4. FFMQ Describe .023 307 .088 1

5. FFMQ Awareness  -.386** .690** .074 -037 1

6. FFMQ Nonjudge -.209  .539** -157 -199 484 1

7. FFMQ Nonreact -.102  .230 294 -055 -006 -.308* 1

** Correlation is significant at the 0.01 level-{&iled)

*Correlation is significant at the 0.0&vel (2tailed)
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Table 4.Bivariate Correlations for SeReport Mindfulness Measures in Experiment 2: Titrated
Digit Stroop Task (n=42)

Variable 1 2 3 4 5 6 7
1. MAAS 1

2. FFMQ Total 47 1

3. FFMQ Observe .203 546%* 1

4. FFMQ Describe .259 615** .342* 1

5. FFMQ Awareness  .873* .772** 228 244 1

6. FFMQ Nonjudge .696** .784* 148 366* .647* 1

7. FFMQ Nonreact 231 528**  .335* .185 207 207 1

** Correlation is significant at the 0.01 level-{&iled)
*Correlation issignificant at the 0.05 level {@&iled)

Experiment 1: Non-Titrated Digit Stroop Task

Linear and multiple regression analyses from Experiment 1 revealed that dispositional
mindfulness did not significantly predict any measures of cognitive control penfime when
task demands were not manipulated. The MAAS and FFMQ did not signifipmatict
response times, accuracy, the Stroop interference effecteosslowing or sequential
congruency effects in the naitrated variation of the Digit Stroopgk (allp values > .130).
Experiment 2: Titrated Digit Stroop Task
Single Linear Regressions

The MAAS significantly predicted the Stroop interference effie&t, .118,F(1,40) =
5.36,p = .026, and also explained a significant proportion of the variance in the Stroop
interference effect. Individuals with higher dispositional mindfulness scores on the MAAS
showed a smaller Stroop interference effect, accounting for approximately 12&cotfstrved
variance (see Figure 2). The MAAS did not significantly predict any other behavioural measure

on the titrated Digit Stroop task (g@ivalues > .619).
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(a) Experiment 1. Non-Titrated Digit Stroop Task  (b) Experiment 2: Titrated Digit Stroop Task
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Fig. 2MAAS as a predictor of the Stroop interference effect in (a) Experiment Ltitiated
Digit Stroop task and (b) Experiment 2: Titrated Digit Stroop task

Similarly, the total FFMQ score was also a significant predictor of the Stroop interference
effect, R°>= .107,F(1,40) = 4.77p = .035. Individuals with higher FFMQ total scores also

showed smaller Stroop interference effects, accounting for approximasaiyf the observed

variance in the Stroop effect (see Figure 3).

(a) Experiment 1: Non-Titrated Digit Stroop Task  (b) Experiment 2: Titrated Digit Stroop Task

1 120
R? = 1E-04
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-
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1] 20 40 &0 0 100 120 140 180 ] 0 40 60 B0 1m0 120 140 160 180

FFMQ (Total Score) FFMQ (Total Score)

Fig. 3FFMQ total score as a predictor of the Stroop interference effect in (A) Experiment 1:
Non-titrated Digit Stroop task and (B) Experiment 2: Titrated Digit Stroop task
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The total FFMQscore also significantly predicted incongruent accurgéy,.133,
F(1,40) = 6.12p = .018, explaining a significant proportion of the variance. Higher FFMQ total
scores were associated with greater accuracy on incongruent trials, accounting for aiphpxim

13% of the variance (see Figure 4).

The FFMQ did not significantly predict any other behavioural measure on the titrated

Digit Stroop task (alp values > .085).

(a) Experiment 1. Non-Titrated Digit Stroop Task  (b) Experiment 2: Titrated Digit Stroop Task
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Fig. 4 FFMQ total score as a predictor of incongruent accuracy in (A) Experimenti: No
titrated Digit Stroop task and (B) Experiment 2: Titrated Digit Stroop task
Multiple Linear Regressions

Multiple regression analyses were calculated to identify which FFMQ facets were
significant predictors of RT, accuracy, the Stroop interferenceteR&S, and SCE. All facets
were entered simultaneously as predictors of each multiple regression model.

FFMQ facets significantly predicted the regression model for the Stroop interference
effect,R?= .0.300,F(5,36) = 3.08p = .020, accounting for approximately 30% of the observed
variance (see Figure 5). Specifically, only Nhenreactivity to Inner Experiendacet

significantly contributed to the model, B-£.499,t(36) =-3.00,p = .005. Higher scores on the
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Nonreactiviy facet were associated with a smaller Stroop interference effect (see Figure 5). No

other FFMQ facets significantly contributed to the modelgathlues > .156).

(a) Experiment 1: Non-Titrated Digit Stroop Task  (b) Experiment 2: Titrated Digit Stroop Task

R?=0.0191

R?=0.2279
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F"FMQ; Nu-n-reacti\.rih,r to Inner Expcrience FFMQ: Nonreactivity to Inner Expc"r‘ience

Fig. 5FFMQ-Nonreactivity as a predictor of the Stroop interference effect in (A) Expetiine
Non-titrated Digit Stroop task and (B) Experiment 2: Titrated Digit Stroop task

FFMQ facets also significantly predicted the regression model for congruent accuracy,
F(5,36) = 2.68p = .037, incongruent accurady(5,36) = 4.55p = .003, and totahccuracy,
F(5,36) = 3.68p = 009, accounting for approximately 27%, 39% and 34% of the observed
variance, respectively. Specifically, only ®©®servingfacet significantly contributed to the
model for congruent accuracy, B= .00@6) = 2.40)p = .022,incongruent accuracy, B = .007,
t(36) = 2.80p = .008, and total accuracy, B = .00636) = 2.73p = .010. Individuals who
reported higher on th@bservingfacet showed greater accuracy on congruent trials, incongruent
trials and total trials overalkee Figure 6). No other FFMQ facets significantly contributed to the
model for congruent accuracy (plvalues > .111), incongruent accuracy fallalues > .065), or
total accuracy (alp values > .074).

The FFMQ facets did not significantly predict regsion models for any other

behavioural measure on the titrated Digit Stroop taslp(alues > .440).
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(a) Experiment 1: Non-Titrated Digit Stroop Task

B Corgruent Accuracy A Incongruent Accuracy & Total Accuracy
-« Linear {Congruent Accuracy} ——=-- Linear (Incongruent Accuracy) Linear (Total Accuracy)
12 R* = 0U0122 R = 0.0498 R? = 0.0353
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(b) Experiment 2: Titrated Digit Stroop Task
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Rz 01548 RY = 0.2465 R? = 0.2087

Accuracy (Proportion Correct)

5 10 15 1] 15 30 35 40
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Fig. 6 FFMQ-Observing facet as a predictor of accuracy (proportion correct) in (A) Experiment
1: Nontitrated Digit Stroop task and (B) Experiment 2: Titrated Digit Stroop task
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Discussion

We examined whether measures of dispositional mindfulness predicticegointrol
performance on naetitrated and titrated variations of the Digit Stroop task. While numerous
studies have examined the effects of mindfulness training on cognitive control, many such
outcome studies did not account for+apasting differenceg dispositional mindfulness.
Moreover, effects of mindfulness on cognitive control performance may not be observable unless
task demands are sufficiently challenged, contributing to discrepancies in the literature. If
individuals vary in their capacity wverride dominant prepotent responses to task demands (e.g.,
overriding the reflexive tendency to name ithentity of digits in an array when the task requires
correctly identifying theaumberof digits in the array), we may not detect differential effexf
varying cognitive control unless those capacities are pushed to their limits for each individual.
By manipulating task demands in two variations of the Digit Stroop task, we were able to
compare how measures of dispositional mindfulness predictevioeinal performance when
cognitive control was systematically challenged for each individual. Although it remains unclear
whether, in the present study, we tested limits of cognitive control capacity or if individuals were
changing cognitive control steggies in this design, our manipulation nevertheless captures
behavioural performance that corresponds withreglbrted mindfulness.

Here, we hypothesized that our measures of dispositional mindfulness, the MAAS and
FFMQ, would predict responsines, accuracy, pogirror slowing, the Stroop interference
effect or sequential congruency effects in Experiment 2, where demands on cognitive control
were increased and therefore associations between task performance and MAAS and/or FFMQ
may be betteretected. We also examined whether FFMQ fag@bsérving, Act with

Awareness, Describing, NonjudgiagdNonreactivity predicted behavioural outcomes, and if
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they were sensitive to varying cognitive control demands between experiments. Taken together,
ourresults indicate that facets of sedfported dispositional mindfulness may only be predictive

of cognitive control performance when these processes are sufficiently challenged through task
demands.

Consistent with our hypothesis, the MAAS and FFMQ vaggaificant predictors of
cognitive control performance when the task was manipulated to increase demands on cognitive
control. We manipulated task difficulty by increasing or decreasing trial duration every 20 trials,
identifying a threshold for each piaipant, thus allowing individual levels of cognitive control
to be sufficiently challenged to detect deployment of attentional processes that overlap with self
reported dispositional mindfulness. By titrating the Digit Stroop task to maintain accui@y at
80%, we found that higher sekported MAAS and FFMQ total scores predicted greater
cognitive control as indexed by a smaller Stroop interference effect and higher FFMQ total
scores predicted greater accuracy on incongruent trials. The results réughidthat whereas
higher scores on thdonreactivityfacet predicted smaller Stroop interference, higher scores on
theObservingfacet predicted greater accuracy on congruent and incongruent trials.

This pattern of findings is in line with other evide in the literature, where the
ObservingandNonreactivityfacets were significant predictors of performance on other cognitive
tasks. For example, Anicha et al. (2012) conducted a study where they did three experiments
using a visual working memory tasktemporal order judgment task and a coleard Stroop
task. TheObservingfacet predicted better performance on the visual working memory and
temporal order judgment tasks whNenreactivityandNonjudgingfacets predicted smaller
Stroop interferenceayhich the authors interpreted as greater-todtial cognitive flexbility.

The authors suggest that whereas higher leveBbservingwere associated with enhanced
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performance on the visual working memory and temporal order judgment tasks dugeio grea
perceptual awareness, higher leveldlofhreactivity(andNonjudging were associated with a
greater ability to upregulate or downregulate the cognitive control system in a way that is
contextually adaptive. This interpretation is consistent with esults, where higher scores on
Observingcould reflect better perceptual awareness, leading to greater accuracy on congruent
and incongruent trials, and higher scores oriNtbereactivityfacet may reflect greater cognitive
flexibility, leading to smalleStroop interference. Nonetheless, gelforted mindfulness facets

did not predict triako-trial cognitive flexibility, as measured by pestror slowing or the

sequential congruency effect in the present study, rendering this interpretation onlyypartiall
supported. Notably, sefeported levels oDbservingandNonreactivitydid not correlate with

one another in the series of experiments conducted by Anicha et al. (2012), which the authors
suggest is further evidence of dissociable mindfulness skillstbanot correlated with each

other and are likely associated with different cognitive skills, a pattern replicated in previous
studies (Cardaciotto et al., 2008; Baer et al., 2004). In contrast to Anicha et al. (2012), we found
thatObservingandNonreadivity facets were significantly correlated in the sample from
Experiment 2, but not Experiment 1. If mindfulness facets translate to dissociable cognitive
skills, this introduces the possibility that our samples from Experiment 1 and Experiment 2 had
disamilar distributions of dispositional mindfulness facets that are associated with different
cognitive skills. This difference in correlated mindfulness facets between experiments could
partially explain whyObservingandNonreactivitywere only predictorsf performance in
Experiment 2, reflecting higher levels of perceptual awaresresdgreater cognitive flexibility

that together facilitate greater accuracyl smaller variation in response time, across all trial
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types. However, this is confounded by the key manipulation of titration in Experiment 2 and
therefore cannot be confirmed in the present sent of data.

Other studies have also examined the relatidwéxen the FFMQ, attention and
cognitive control but found diverging results. For example, Josefsson and Broberg (2011)
investigated the relation between FFMQ facets and performance on the Sustained Attention to
Response Task (SART; Robertson et al., 18@id) the Stroop task, finding that the total FFMQ
score and th®escribefacet predicted fewer errors on the SART, indicating that high scores on
these two FFMQ scales were associated with fewer SART errors. Trends in the same direction
were also found fothe ObserveandNonjudgefacets, but SART response time was not
significantly related to the FFMQ at all. TBescribefacet also significantly predicted Stroop
interference; higher scores Describewere related to low Stroop interference on the Stroop
task, but no other significant relations were found between FFMQ and Stroop variables. Taken
together, these findings suggest that high levels ofrgptirted mindfulness are related to better
accuracy in sustained attention performance, but not resporeserhis lack of association
between FFMQ and other Stroop variables is supported by previous studies that found no
significant relation between mindfulness facets and Stroop performance (Lykins et al., 2012;
Schmertz, 2009). This highlights the importamt replicating studies using tasks that
sufficiently challenge cognitive control processes for each individual, where associations
between facets of setéported dispositional mindfulness on the FFMQ and task performance
may be better detected.

Unlike the FFMQ, the MAAS measures mindfulness as a unidimensional construct with
items designed to be free of specialized or metaphorical language, focusing on the attention and

awareness aspects of mindfulness, but not the attitudinal components of acceptarme a
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judgment that are emphasized across mindfulbassd clinical interventions (Baer, 200i3).

the present study, the MAAS was only a significant predictor of smaller Stroop interference
when participantsd cogni t ychallenged bytmaiotdiningr oces s e
accuracy at 7i880% in the titrated variation of the Digit Stroop taskditt not, however,

significantly predict any other response time variables as we expected, includhagrpost

slowing, or the sequential congruency effdtese results add to the inconsistent evidence
surrounding the relation between single factor measures of dispositional mindfulness and
behavioural performance on tasks of attention. For example, Schmertz (2009) examined the
relation between various $ekported mindfulness measures and selective attention tasks,
including the cued, singizial Stroop task (Cohen et al., 1999; Seignourel et al., 2005), the
Continuous Performance Tds{CPT-1I; Conners, 2000), and the Paced Auditory Serial

Addition Test (PASAT; Gronwall & Sampson, 1977). In contrast to the present study, they found
no significant association with sekported mindfulness and cued Stroop interference scores, or
number of errors made on incongruent trials. They also reported a nuibdissobetween self
reported mindfulness and response time on the-IGRF percentage of correct responses on the
PASAT, but the MAAS and the Cognitive and Affective Mindfulness SBaleised (CAMSR,;
Feldman et al., 200 were significantly correlatedith CPT-II target omissions.

Whereas the MAAS, designed to measure mindfulness as a unidimensional construct,
defi nes mindf uwdemesed attentica wa r epreessent( Br own & Ryan
the CAMSR is designed to assess four mindfulnessiponents or skills: the regulation of
attention, orientation to present experience, awareness of experience, and acceptance or non
judgment towards experience (Feldman et al.72Q0ke the MAAS, the CAMSR is a 12item

single factor measure of mindfiidss designed to assess the overall construct of mindfulness, and
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therefore may not be measuring mindfulness skills that are more predictive of behavioural
indices in tasks of attention and cognitive control. Rather than measuring the complex construct
of mindfulness, it is possible these unidimensional measures like MAAS are assessing attentional
engagement or lapses. For example, Cheyne et al. (2006) found that the MAAS was a robust
predictor not only of selfeported attentiomelated errors, but also lh&vioural measures of
attentional lapsés SART errors and RTs. They also found a robust association of the MAAS
and boredom proneness, pointing towards the impact of brief losses of attention in the
maintenance of interest and engagement with our enviranikmough the MAAS purports to
measure mindfulness, Cheyne et al. (2006) suggest it is mislabeled and would be better
characterized as a simple and direct measure ofeqatirted lapses in awareness. Studies of
mindfulness also tend to focus on conftitals themselves rather than on postflict

performance. As Lippelt et al. (2014) suggests, mindfulness training may improve the ability to
redirect attention after conflicting information or distraction is encountered and resolved.
Evidence of mindfuless improving postonflict resolution is supported by Grundy et al. (2018),
who observed a strong negative relation between the MAAS and the size-obpftist slowing
(estimated by the size of bivalency effect; BE, Meier & Régrmet, 2012; Woodwaret al.,

2003). This supports the interpretation that mindfulness may not just influence cognitive control
processes while they are online during an individual trial, but that it also may modify cognitive
control by allowing recovery more rapidly from caofl Finally, these authors report that
dispositional mindfulness had less influence on RT of conflict trials themselves, suggesting that
the MAAS is more heavily associated with posenflict recovery processes than with conflict

resolution. Critically, his work highlights the importance of using a variety of experimental
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paradigms to isolate the nuanced influences of mindfulness attention regulation on cognitive
control processes.

One major limitation with any dispositional mindfulness study concehether we are
measuring the same fAmindfulnessodo phenomenon a
when dispositional mindfulness can change with training. For example, whereas Zeidan et al.
(2011) found withirsubject increases on the Freiburg Muiness Inventory (FMI; Walach et
al., 2006) after 4 days of mindfulness trainingl2¢l et al. (2011) also showed significant
increases iMct with Awarenes®©bservingandNonJudgingFFMQ facets after an MBSR
intervention. Several withirand betweersubject studies also document gelported MAAS
increases after MBSR interventions (Jensen et al, 2012; Kilpatrick et al., 2011), which begs the
guestion: how traitike or dispositional is mindfulness if it is sensitive to changes? It is also
important b note that our study uses two different samples from two different projects and
timelines. As Grossman (2011) has argued, trainees are likely to endorse mindfulness scale items
differently at the end of training than at baseline. Therefore, althoughivgmer2 data were
collected at baseline, before any training occurred, the enrollment in a training study alone could
have influenced the way participants selported dispositional mindfulness in Experiment 2
compared to Experiment 1, which was not jpdi longitudinal design. We need to also consider
that dispositional mindfulness, or the mindful capacity one embodies without meditation
experience, may be different from state mindfulness, when one engages in mindfulness practice.
Selfreport measureerl y on oneds perception of their own
perceived mindfulness may not reflect attentional processes engaged during actual mindfulness.
Finally, central to the purpose of this study, when we manipulated accuracy in Experiment 2

also manipulated the speadcuracy tradeff (Wickelgren, 1977). Therefore, caution is
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warranted in the interpretation of these data, particularly given a reliance on behavioural
measures involving response times. Although the lack of relation besedfeeported
mindfulness and response time variables (i.e., congruent RT, incongruent RT, total RT, PES, and
SCE) resembles other evidence in the literature, we cannot interpret response time data in the
same way for the titrated Digit Stroop task inpExment 2. Nonetheless, the lack of relation
between dispositional mindfulness and these response time variables in both experiments
suggests that the influence of accuracy manipulations on the-ape@acy tradeff in the
Digit Stroop task may be lesslevant for studies involving seléported mindfulness.

It remains possible that training or deploying attention more broadly generalizes to a
variety of functional domains (Posner & Rothbart, 2007). This implies that with or without
formal mindfulnes training, exercising attention may also be exercising mindful capacities, if
they are overlapping domageneral skills. Therefore, to detect mindful capacities (of self
reported mindfulness), we need to sufficiently challenge overlapping attentiongmtve
processes. Our study demonstrates that experimental manipulations of task difficulty are simple
yet effective ways to challenge and detect cognitive control processes, particularly in paradigms
where performance is typically high. Future cogniteatrol studies should consider titrating
stimulus duration in a way that identifies a specific threshold of behavioural performance, for
each individual. Another simple consideration involves using digits instead of words to eliminate
influences from wait associations that could exist with colewnrd Stroop paradigms, such as
graphemecolour synaesthesia (Jancke et al., 2009). Instead of colour words, we used an array of
numbers which are devoid of werdading effects and ubiquitous in daily life. Irdtaing six
key responses (8) also increased the likelihood of errors, consequently challenging task

difficulty. This experimental paradigm is particularly beneficial for electrophysiological studies
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of performance monitoring that require more errordrfal analysiof error related ERP&4ore
studies should take sakport measures of mindfulness into account, particularly before and
after mindfulness inductions or interventions to account for variation in attentional engagement
i n oneds ogsitwatior. kVhether brandt these questionnaires are tapping into
mindfulness phenomena, they may be reliable predictors in accounting for variability in
behavioural performance in tasks of attention and cognitive controObkervingand
Nonreactivityfacets, in particular, may be tapping into two processes that are qualitatively
di fferent in indivi duGbsesiiagwhithinVoiveasgttendiogtad epl oy a
internal or external stimuli in the current situation, &lwhreactivity which requires
disengaging from elaborative processing of the internal or external stimuli (sensations,
cognitions, emotions). Indeed, these two mindfulness facets may reflect core attentional skills
that are deployed in mindfulness and cognitive control: foguaitention and awareness on
relevant information, while ignoring irrelevant information and responding accordingly to
fluctuations in present moment demands.

Literature that investigates how se#fport measures predict individual differences in
attention and cognitive control remains lacking. Here, we show that facets wépeltted
dispositional mindfulness, specificalybservingandNonreactivity may reflect or overlap with
deployment of domain general attentional processes that account forlirgiialgiognitive
control performance. This may not be detected, however, unless cognitive control processes are
sufficiently challenged in a task designed to vary demands. By manipulating task demands in this
way, we present a novel manipulation of a datga control task and show that variation in
dispositional mindfulness can account for variability in behavioural performance. Future studies

should take dispositional mindfulness into account before evaluating state adepexident
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outcomes of mindfimess induction or intervention. Finally, future studies should also
experimentally challenge task demands to detect and measure the degree of overlap between

mindfulness capacities and cognitive control processes.
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Abstract

Few studies examine the effects of mindfulness training on neurophysiological indices of
enhanced attention and cognitive control. Of these few, large discrepancies in experimental
design related to operationalization of the mindfulness construct arreé éthe control
group(s) used have led to conflicting results. Here, we address this discrepancy by introducing a
novel active control condition (guided visual imagery meditation) to isolate the specific effects
of mindful attention regulation on cogmié control in a carefully controlled longitudinal training
study. We examine changes to behavioural task performance and stimulus and flesgedse
eventrelated potentials (ERPs) extracted from continuous electroencephalogram (EEG) recorded
while partigpants completed thBigit Stroop task before and after two weeks of dailn#fute
mindfulness or active control training. Although mindful and control groups did not differ
behaviourally after training, electrophysiological differences emerged at thie3d2P3b, and
ERN components, revealing increased efficiency in conflict detection and monitoring of stimuli
with varying degrees of cognitive interference (attenuated N2 amplitude), delayed automatic
capture of attention by incongruent stimulus feat@detayed P3a latency of incongruent
stimuli), faster conscious evaluation of all stimulus features (earlier P3b latencies), and delayed
automatic detection of errors (delayed ERN latencies) after mindfulness training. These findings
are discussed in terna$ the cognitive control processes that vary as a function of mindfulness

attention regulation training.
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Introduction

In recent decades, the widespread scientific interest in mindfulness has generated
research that has established various adap#urobiological, psychological and behavioural
outcomes, expanding our empirical understanding of the construct. Although modern scientific
inquiry of mindfulness is relatively recent, the deliberate exercise of mindful attention regulation
has been praiced for 2,500 years as a way to observe and gain insight into ongoing events and
experiences. Broadly conceptualized as presentered and nejudgmental awareness,
mindfulness involves maintaining metagnitive awareness of the current experiencdéewnhi
sustaining attention to tasklevant features and disengaging from elaborative processing of
irrelevant information (KabaZinn, J., 1990; Bishop et al., 2004). Because mindfulness is
fundamentally a construct concerning attention, an emerging bdigrafure has explored the
convergence (and divergence) between mindfulness and related attentional constructs, most
notably executive function and cognitive control. Here, we refer to cognitive control as the set of
executive cognitive processes thaeseéhnd successfully monitor information relevant to current
goals while ignoring or inhibiting irrelevant information, thereby facilitating information
processing and behaviour to vary adaptively moment to moment depending on these chosen
goals (Morton eal., 2011; Cohen et al., 2000; Botvinick et al., 2001; Posner et al., 2004). By
focusing attention on present goals andirecting attention from distractions, mindfulness
training enhances mometg-moment awareness of fluctuations in cognitive demafss
result, meditators can develop greater control over a set of cognitive processes that promote
useful behavioural adaptations. Several studies have documented the influence of mindfulness on
executive functions (Jha et al. 2007; Moore & MalinowsRD2, Semple, 2010; Teper and

Inzlicht, 2013), however, the precise mechanisms underlying the impact of mindfulness on
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di fferent aspects of executive functioning ar
and diversity view, which defines exdive functioning in three subdomains (e.g., inhibition of
irrelevant information, updating working memory and shifting attention), Gallant (2016)
proposed that mindfulness training enhances inhibitory control. The most consistent findings
belong to behawural studies that examined the effect of mindfulness training on conflict
resolution and inhibitory control using stimuli that present competing streams of information and
response selection, such as the Stroop task (Stroop, 1935; e.g., Allen et aM@E2&
Malinowski, 2009; Teper & Inzlicht, 2013). However, some behavioural studies examining
conflict resolution and inhibitory control showed little to no effect of mindfulness training on
cognitive control performancé&f{roop Anderson et al, 2007; dbre et al., 201 Flanker.
Larson et al., 2013), leading to discrepant findings and cautious interpretations of cognitive
mechanisms underlying mindfulness.
Discrepancies in Experimental Design

More recently, electrophysiological studies have attempted to provide further insight into
neurocognitive mechanisms underlying mindfulness by using the high temporal resolution of
electroencephalography (EEG) and evatated potentials (ERPs) to examthe precise neural
underpinnings of mindfulness and cognitive control. Still, only few studies examine the effects
of mindfulness training on ERPs associated with various cognitive control mechanisms. Of these
few, discrepancies in experimental designehd to conflicting results. In particular,
mindfulness is typically operationalized three different ways: as dikaibutcome of longerm
formal practice in experienced meditators, as a state evoked by brief induction in novice or naive
meditatorspr as an inherent disposition that varies across individuals measured using

psychometric tools. Therefore, electrophysiological studies of mindfulness and cognitive control

61



Ph.D. Thesi8 S. Krishnamoorthy; McMaster UniversityPsychology, Neuroscience & Behaviour

vary greatly depending on how the mindfulness construct itself is operation&lihdd.some
crosssectional studies have examined the impact of-teng mindfulness practice in

experienced meditators (Teper & Inzlicht, 2013; Atchley et al., 2016), othersgossnal

designs have examined the impact of brief mindfulness inductioaive meditators (Larson et

al., 2013; Saunders et al, 2016; BiGgnar et al., 2016; Norris et al., 2018), characterizing two
extremes of mindfulness expertise and their impact on cognitive control. Other
electrophysiological studies have operationaliaed measured mindfulness as an inherent
disposition using psychometric assessments, but their interpretations are limited by test validity,
reliability and the distribution of responses used to categorize participants into groups of high
mindfulness andow mindfulness based on a median split (Quaglia et al., 2016; Eichel et al.,
2017). This highlights the value of carefully controlled longitudinal studies that examine
electrophysiological correlates of cognitive control before and after a mindfulnes®intien.

At present however, this limited literature lacks the inclusion of appropriate control conditions to
contrast and isolate the precise cognitive control mechanisms that are distinct to mindfulness
training. For example, some studies compare afulimelss training group with waitlist controls

who are not engaging in any training program between testing sessions (Moore et al., 2012;
Schoenberg et al., 2014) while others compare mindfulness training with active control groups,
who are engaging in agtiies varying from psychoeducation training to brain training exercises
(Smart & Segalowitz, 2017; Malinowski et al., 2017). To date, no mindfulness studies document
both stimuludocked and respondecked ERPs within a longitudinal design using a pojuia

of healthy younger adults.

Electrophysiological Indices of Mindfulness and Cognitive Control
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In the cognitive electrophysiology literature, event related brain potentials (ERPs) are
components extracted from the ongoing, naturally occurring braintaececording using
electroencephalogram (EEG). ERPs are preciselylbeieed to either stimulus onset, or
participant response. The most reliable ERP markers of the neurophysiological processes
underlying attention regulation, cognitive control andgenance monitoring include the N2,

P3a and P3b waveforms which are titoeked to the onset of stimulus (i.stimuluslocked), as
well as the ERN and Pe waveforms, which are {iooied to the onset of response (i.e.
responsdocked).

The N2 is a negfive deflection that occurs 200 to 400 ms ggishulus with an anterior
scalp distribution and is considered a signature of conflict monitoring and inhibition (Bruin et al.,
2001; Donkers & Van Boxtel, 2004; Niewenhuis et al., 2003; Folstein & Van P2Q68).
Mindfulness has been mainly associated with an increased N2 amplitude, suggesting an increase
in control processes related to conflict detection and monitoring of competing stimulus features
as well as premotor inhibitory suppression of incorresponses (Atchley et al., 2016;

Malinowski et al., 2017; Norris et al., 2018; Quaglia et al., 2016), although there are some
inconsistencies that need further investigation. For example, Schoenberg et al. (2014) found no
modulation of the N2 in a populah of individuals with Attention Deficit Hyperactivity

Disorder (ADHD) posimindfulness intervention, suggesting that mindfulness training may not
always influence processes related to conflict monitoring or inhibition, especially among
populations with chically significant deficits in attention regulation. Additionally, Moore et al.
(2012) observed an increased negative deflection that peaked between 160 and 240 ms over
occipito-parietal regions of the left and right hemispheres during the ealotd Stoop task,

which the authors described as increased N2 amplitudes after mindfulness training. However,

63



Ph.D. Thesi8 S. Krishnamoorthy; McMaster UniversityPsychology, Neuroscience & Behaviour

this component reported by Moore et al. (2012) may better fit the profile of the N1 contbonent
a negative deflection observed 130 to 190 ms-pinsiulusimmediately after the first positive
ERP component known as the P1 (observed 80 to 13&postiug (AhumadaMendez et al.,
2022) Both the P1 and N1 components are related to sensory processing in visual cortices and
are modulated by focus of attentiasith scalp distributions located at occipital electrode sites in
the hemisphere contralateral to the stimulus location (Debruille et al., 2019; Ahiveadaz et
al., 2022). Although previous research has shown early ERP components such as P1 and N1 are
sasitive to tasks that require spatial and feahased selective attention (Hillyard & Munte,
1984; Mangun, 1995; Zhang & Luck, 2009), David et al. (2011) also observed an increase in the
parietatoccipital N1 during a Stroop matching task using a lateviogow of 160 200 ms post
stimulus, providing evidence of early selection processing during a Sikedask. Thertore, it
is conceivable that the increased N2 component reported by Moore et al. (2012) is in fact an N1
component, which suggests thahafulness may modulate sensory processing by focus of
attention, observed in the P1 and N1 components.

The P3 or P300, one of the most studied ERP components, has a broad positive amplitude
related to stimulus task relevance and a latency that reftentdiss evaluation time (Folstein &
Van Petten, 2008; Johnson & Donchin, 1980). The P3 can be divided into two subcomponents:
P3a and P3b (Polich, 2007). The P3a is a mddiatal positivity that peaks approximately 300
to 400 ms posstimulus, has a fad anterior scalp distribution and is thought to reflect
unconscious, involuntary or automatic allocation of attention, or attentional capture, to
significant or unexpected events (Bush et al., 2000; M@kss et al., 2007; Salisbury et al.,
1992; Escerat al., 2001; Folstein & Van Petten, 2008). Using participants with 20 years of

Vipassana meditation experience, Cahn and Polich (2009) compared performance on an auditory
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oddball task after 30 minutes of mindfulness (Vipassana) meditation or 30 mihtdesiam
thinking (mindwandering). They found a lower P3a amplitude during the meditative state
relative to the mindvandering state and this reduction in amplitude was correlated positively
with mindfulness meditation practice frequency, suggestinghiratfulness is associated with
reduced stimulusiriven attentional capture. While the P3a is considered a stirduien
electrophysiological index that originates from frontal attention mechanisms during task
processing, the P3b is thought to reflectgematparietal activity associated with conscious
attention and subsequent memory processing (Polich, 2007). The P3b is obseira®d 308
after stimulus onset and is widely considered a signature of conscious access to or conscious
processing of a stimu$ (Dehaene & Changeux, 2011). In tasks that require attention 1o task
relevant stimuli, such as an auditory oddball task, mindfulness has been associated with greater
P3b amplitude (Atchley et al., 2016; Delgadastor et al., 2013; Smart et al., 201@)¢ating
increased allocation of attention to relevant stimuli. However, mindfulness has also been
associated with a reduced P3b amplitude during tasks that require inhibition-ofebesiant
information (i.e., distractor tones during an auditory oddhak, Atchley et al., 2016; irrelevant
stimuli during an attentiondllink task, Slagter et al., 2007; irrelevant stimuli during Go/Nogo
task, Howells et al., 2012; or competing alternatives during a Stroop task, Moore et al., 2012).
Finally, some studi&show no effect of mindfulness on the P3b during similar tasks, such as the
Attention Network Task (ANT; Fan et al., 2002; Norris et al., 2018) or the Stroop task
(Malinowski et al., 2017), leading to inconclusive interpretations of P3b modulation @nd th
respective control mechanisms) after mindfulness training.

Two of the most reliable neural markers associated with performance monitoring are the

errorrelated negativity (ERN) and the error positivity (Pe). The ERN is a negative deflection
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with a medialfrontal scalp distribution that peaks within 100 ms aftesrezrommission and is
considered an index of error monitoring and evaluative control (Falkenstein et al., 2000; Gehring
et al., 2012; Endrass & Ullsperger, 2014). Although there are divergent theories on the functional
significance of the ERN, most agréasi modulated by attention in response to errors (Friedman,
2012; Gehring et al., 2012; van Noordt et al., 2016; van Noordt et al., 2015; van Noordt &
Segalowitz, 2012). The error positivity (Pe) is a positive deflection that peaks around 100 to 200
ms afer error commission, is usually larger on trials with greater conscious awareness of an error
and is thought to reflect motivational significance of errors (Steinhauser & Yeung, 2012; Logan
et al., 2015). Whether or not mindfulness increases attentivenes®srs (increased ERN) or
decreases affective salience associated with errors (decreased Pe) is mixed in the literature. Some
studies showed an increased ERN associated with mindfulness (Teper & Inzlicht, 2013; Smart &
Segalowitz, 2017; Eichel et a2017; Saunders et al., 2016) while other studies showed a
decrease or no change in the ERN (Larson et al., 2013; Schoenberg et al., 20Chrizingt
al., 2016). Similarly, the direction of Pe modulation is unpredictable, with some studies showing
an ingeased Pe amplitude (Schoenberg et al., 2014), some studies showing a decreased P3
amplitude (Larson et al., 2013), and other studies showing no change in Pe associated with
mindfulness (Teper & Inzlicht, 2013; Smart & Segalowitz, 2017; Saunders etl8;, Bbg
Canar et al., 2016).
Overview and Hypotheses

Taken together, the majority of evidence shows that mindfulness is associated with
modulations of ERPs associated with conflict monitoring (N2), automatic allocation of attention
(P3a), conscious stinus evaluation (P3b), error monitoring (ERN and Pe) and may also

influence ERPs related to early sensory processing sensitive to selective attention (P1 and N1).
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By using the high temporal resolution ERPs associated with early sensory processing, conflict
monitoring, allocation of attention, conscious stimulus evaluation and error monitoring, we can
establish an information processing timeline of neural activity in mindfulness meditators from
the time of stimulus presentation to response completions. Wenesed a novel control

condition (guided visual imagery meditation) in a carefully controlled longitudinal training study
to isolate the unique effects of mindfulness training on both stirdoitked and respondecked
electrophysiological indices of gaitive control during th®igit Stroop task. Th®igit Stroop

task is a variation of the classic colemord Stroop task (Stroop, 1935; MacLeod, 1991) where
participants are presented with an array of identical digits and are instructed to correctig respo
to the number of digits while ignoring the identity of the digiisG was used to record ongoing
neural activity while participants completed Dgit Stroop task before and after two weeks of
daily 20-minute guided mindfulness meditation practicguided visual imagery practice

(active control group). Consistent with formal mindfulness training procedheemindfulness
meditation training condition instructed individuals to focus their attention internally on the
sensations of their breath; obgedistracting thoughts, feelings or sensations without judgment
or elaboration; and rdirect attention back to their breath. Our active control condition also
presented guided training, however, attention was oriented externally to the narratioruog a nat
walk, where elaboration of distracting thoughts, feelings or sensations was embraced with no
explicit re-direction of attention to the narration or visualization. Critically, both conditions
presented a type of guided meditation, so that the speaiiincrtg offered by mindfulness
meditation could be effectively isolated. Compared to the passive attention regulation in guided
visual imagery meditation, the specific practice of sustaining focus, disengaging from

distractions and rdirecting attention gacticed in mindfulness meditation was hypothesized to
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alter neural activity in a way that will be reflected in unique changes to ERP markers of attention
and cognitive control. Specifically, we hypothesized that the mindful practice of sustaining focus
onrelevant task features (number of digits) would facilitate early sensory processing sensitive to
selective attention, resulting in increased P1 and N1 amplitudes overall. We also hypothesized
that mindfulness training would facilitate greater inhibitiow @isengagement from task

irrelevant features (i.eidentity of digits), reflected by an increased N2 amplitude, while
decreasing automatic capture of stimudiven attention, reflected by a decreased P3a

amplitude, particularly on incongruent trialf@re there are competing streams of information
processing between stimulus features. We also predicted that the deliberate disengagement of
attention from task irrelevant features and redirection of attention to relevant task features would
lead to more féicient evaluation and conscious processing of stimuli after mindfulness training,
reflected by decreased P3b amplitudes and faster P3b latencies (faster processing time) compared
to the active control group. Finally, we also hypothesized that the agabldisengagement of
elaborative processing and redirection of attention to present task goals would facilitate
Anonjudgment al acceptanceo when errors are co
conscious awareness of errors after mindfulness tgaifinus, we predicted decreased ERN and

Pe amplitudes after mindfulness training and increased ERN and Pe amplitudes after active
control group, particularly for the more salient congruent errors. Although the impact of
mindfulness training on behaviouiatices of executive function are inconsistent in the existing
literature, we predicted behavioural outcomes that correspond with the hypothesized
electrophysiological changes associated with enhanced cognitive control, including faster
response times, gater accuracy, reduced Stroop interference, and decreasesinoosiowing

(PES).
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Methods

Participants

Forty-six undergraduate and graduate students were recruited from online advertisements
at McMaster Universityo6s De p&BehavioarnRartiopantsP sy c h o
were randomly assigned to either a mindfulness group or an active control group. Two
participants from the mindfulness group and 5 participants from the active control group dropped
out for personal or health reasons unrelabetthé study itself. Therefore, final study enrollment
included 21 participants (13 female) in the mindfulness group and 18 (14 female) in the active
control group. However, two EEG data files from the mindfulness group as well as two EEG
data files and onkehavioural data file from the control group were corrupted during data
management and transfer, so the final analysis included 38 participants (21 mindfulness, 17
control) for behavioural analysis and 35 participants (19 mindfulness, 16 control) for ERP
analysis. Exclusion criteria included previous meditation experience, uncorrected visual
impairment, current or previous diagnosis of psychiatric disorders, neurological disorders, head
injury with loss of consciousness, or current use of psychopharoggcall treatments. Thus, all
participants were neurologically and psychiatrically healthy individuals unpracticed in
meditation. All procedures complied with the Canadiaxdrtincil policy on ethics and were
approved by the McMaster Ethics Research Boar
Procedure overview

This experiment was part of a larger longitudinal training study that consisted of a
baseline testing session, two weeks of daily mindfulness or active control training, followed by a
final testing session. The order of study procedwras identical between the mindfulness and

active control groups. During the baseline testing session, all participants provided written
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informed consent before completing sedport measures and performing the experimental tasks
while EEG was recorde®.articipants were then randomly assigned to two weeks of daily
mindfulness or active control training (details below). Immediately after the last day of training,
all participants completed their final testing session while EEG was recorded. To ensure a
mindful or active control state, participants completed their respective training exercise
immediately before they completed the final experimental taside EEGwas recorded.
Participants then completed pasdining selfreport measures before they wdeabriefed. Each
experimental session lasted ~3 h in duration, as several other tests were carried out that are not
reported in this paper.
Self-Report Measures
Demographic Information

All participants completed a basic demographic questionnaire thaysdrage, level of
education and any previous meditation experience.
Mindful Attention Awareness Scale (MAAS; Brown & Ryan, 2003)

This measure consists of 15 items designed to assess a core characteristic of dispositional
or trait mindfulness. All partipants completed the validated scale using@likert scale
(almost alwayso almost never The scale has a singfigctor structure, resulting in a single total
score. The final score is computed by calculating the mean responses of all 15 items. Higher
scores indicate higher | evels of trait mindfu
automatically without being aware of what | a
paying attentiono (both reverse scored).

Five Facet Mindfulness Qeastionnaire (FFMQ); Baer et al., 2006)
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This measure consists of 39 items designed to assess five factors that represent elements
of mindfulness as it is currently conceptualized. It contains items from the Mindful Attention
Awareness Scale (MAAS; Brown & Ry, 2003), the Freiburg Mindfulness Inventory (FMI;
Walach et al., 2006), the Kentucky Inventory of Mindfulness Skills (KIMS; Baer et al., 2004),
the Cognitive and Affective Mindfulness Scale (CAMS; Feldman et al., 2007) and the
mindfulness Questionnair®Q; Chadwick et al., 2005). Baer et al. (2006) conducted an
exploratory factor analysis to identify five common subscales or facets of mindfulness:
Observing Describing Acting with Awarenes$yonjudging of inner experiencand
Nonreactivity to inner gerience Observingncludes noticing or attending to internal and
external experiences (such as sensations, cognitions, and em@ieswgjbinginvolves the
ability to articulate internal experience with wordsgting with Awarenesfers to the atterdn
directed to observing on eNogudgng df inner Expereesce i n t he
involves taking a nomvaluative stance towards thoughts and feeliNgsireactivity to Inner
Experienceaefers to disengaging from elaborative processingaights or emotions that arise.
Sample items include: A no®bseveng t hBl saml §eodn
finding words to Desrdiog j biel myi ieemysaglf oddi ng
at t e nActwitmawarenésseverses cor ed) ; Al think some of my
i nappropriate and Nbnudgmgraverses ot ed);el andi el op € r ¢
feelings and emoti ons wNonrbastwity. Alhiterusiane tatedooa r e a c t
1i 5 Likert scale Never or very rarely truéo Very often or always trjeThe ratings are added
across each subscale to produce a total for each facet (ranging from 8 to 40) as well as a grand
total for all five facets (ranging from 39 to 195). Higher scandgate higher levels of facet or

total trait mindfulness.
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Freiburg Mindfulness Inventory (FMI; Walach et al., 2006)

The FMI is a 14item inventory designed to measure the experience of mindfulness.
Participants rate st ateexnpeenrtise nscuec ho fa st hiiel parnme soepn
four-point scale from 1 (rarely) to 4 (always). Scores range from 14 to 56 with higher scores
indicating a higher degree of mindfulness. The FMI was used as a manipulation check to
evaluate whether participants werggaged in a mindful state and whether this changed after
training (Zeidan et al., 2010).

Mindfulness and Active Control Training Sessions

Both the mindfulness and active control training sessions consisted of fouin@te in
person grouessions led by an experienced meditation instructor. Each group training session
consisted of 2 to 10 people and was distributed evenly across tves@koprogram.

Participants also received a-&lnute guided training video, led by the same instruédor,

maintain consistent individual practice on each of the remaining days. To maintain consistency
over the two weeks, the meditation instructor used the same mindfulness or active control script
for both group and video training sessions. In the mindéglitk&ining sessions, participants

were instructed to focus their attention internally on the sensations of their breath; observing
distracting thoughts, feelings or sensations without judgment or elaboration:@inecteng

attention back to their brdat This is consistent with formal mindfulrsdsaining procedures.

The active control condition also presents guided training, however, attention is oriented
externally to the narration of a nature walk, where elaboration of distracting thoughts, feelings
sensations is experienced with no explicitineection of attention to the narration or

visualization. Critically, both conditions present a type of guided meditation, so that the
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neurocognitive mechanisms underlying specific training offered byfalimess meditation can
be effectively isolated.
Materials and Apparatus

All stimuli were presented on Pentium class computer with Presentations® experimental
control software (Neuro Behavioural Systems; version 14.3) oAirchZCRT monitor with a
refresh rate of 85 Hz. The stimuli appeared in black, s&n$ numerals in the center of a grey
background. Vi sual angle of the stimuld.i rang
edges of the outer most numlkeenupperandIldwerfedgeswnf 3 e t o
the outermost numbers. A chinrest was used to maintain a consistent viewing distance of
approximately 80 cm between participants.
The Digit Stroop task

TheDigit Stroop task is a variation of the classic Stroop task, useg#sure cognitive
control and executive attention (Stroop, 1935). The task stimuli were strings of 1 to 6 digits
presented in the center of a grey screen. All digits in the array had the same identity (1, 2, 3, 4, 5,
or 6) and the number of digits presshtvaried randomly. The digits were mapped to computer
keys along the bottom edge of the keyboard: A
represented digits 1, 2, 3, respectively, whi
representedigits 4, 5, 6, respectively. Participants were asked to respond as quickly and as
accurately as possible by identifying the number of digits in the string, while ignoring the
identity of the digits themselves. For example, the correct response tarthelstu s, A5 5 5 F
(there are 4 digits) and is executed by press
congruent and incongruent trials. On congruent trials, the string length was equivalent to the

identity of the digit presented (e.¢he corr ect answer to A6 6 6 6 6
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trials, the string length did not match the digitidentity (¢.gh e cor r ect answer t o
In between trials, a fixation cross (+) was displayed at the center of the screen for-aiialnter

interval (ITI) that varied randomly from 400 to 800 milliseconds. On each trial, the stimulus

duration randomly varied from 800 to 1200 millisecanid task consisted &40trials in total,

presented ii0 blocks of 54 trials. To reduce blinkimgd general movement that might interfere

with taskrelevant ERPs, a message appeared after every 10 trials indicating that participants
could take a fiblink breako. Brief breaks were

Participants resumed thgperiment by pressing one of the response keys to start the next trial.

Congruent Trial

/‘ Correct Response = “3”
+ Incongruent Trial

Correct Response = “6”

333

555555

Me

4444

Figure 1. Illustration of congruent and incongruent trial types presented during the
Digit Stroop Task. Inter-trial-interval (ITI) was randomized between 400 and 800 ms.
Stimulus duration was randomized between 800 and 1200 ms. The task consisted of 540
trials (50% congruent, 50% incongruent) randomly presented in 10 experimental blocks
consisting of 54 trials.

Electrophysiological Recording
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Continuous EEG activity was recorded from 128 Ag/Ag€iipelectrodes with a
BioSemi Activefwo amplifier system (BioSemi, Amsterdam, Netherlandsir Fo
electrooculogram (EOG) electrodes were placed at the outer canthi and just below each eye to
monitor horizontal and vertical eye movements for removal of trials with eye artifact. Two
additional electrodes, a common mode sense (CMS) active electrodeleawen right leg
(DRL) passive electrode were also used. Thes
in conventional systems (www.biosemi.com/fag/cmsé&adrl.htm). The continuous signal was
acquired with an open passband from DC to 150 Hz antizéig) at 512 Hz. The signal was
bandpass filtered offline at 0.1 to 30 Hz using a Hamming windowed FIR filter asterenced
to a common average reference. Bad channels were interpolated using the three nearest channels
if the standard deviation of ttehannel exceeded 200mV before computing the average
reference. Offline signal processing and averaging were done using EEGLAB version 13.5.4b
(Delorme & Makeig, 2004) and ERPLAB version 5.0 (Loj@&deron & Luck, 2014). Infomax
ICA algorithm (Bell and 8jnowski, 1995) was computed and artifactual independent
components or epochs containing artifacts (egscle or eye movements) were removed
manually after visual inspection. EEG was segmented, binned and epoched@Gtons
prestimulus to 900ms pesimulus. A prestimulus baseline correction frotfBOOms to-100ms
was applied to avoid correcting anticipatory potentials like the ERN.
Behavioural and ERP Data Analysis

Response times wemseasured bgalculatng mean RT for congruent trials, incongruent
trials, and total trialsAccuracy was measured by calculating proportion of correct tnidlef
correct, incorrect and miss trials. Therefore, congruent accuracy was measured by calculating

proportion of correct congruent trials; incongruent accuracy was measured by calculating
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proportion of correct incongruent trials; and total accuracy was medsycadculating

proportion of all correct trial?osterror slowing (PES) was measured by calculating mean RT

of correct trials following an error response. Congruent PES was measured by calculating mean
RT on correct congruent trials following an eriogongruent PES was measured by calculating
mean RT on correct incongruent trials following an error, and total PES was measured by
calculating mean RT on all correct trials following an error. Finally, the Stroop interference
effect was calculated by suwhtting the mean RT on congruent trials from the mean RT on
incongruent trialsThis difference score was then used as a dependent variable in subsequent
analyses.

Visual inspection of the ERP waveform across electrode sites and stimulus conditions
revealel that the time windows for extraction of the mean amplitude, peak amplitude and peak
latency for each ERP component. The P1 and N1 were best captured by small clusters of left
parietatocciptal electrodes (PO7 and PO5) and right paraateipital electrdes (PO8 and
POG6). Therefore, mean amplitude, peak amplitude and peak latency were extracted and averaged
for left (PO7 and PO5) and right (PO8 and POG6) electrode clusters from a time window of 60 to
120 ms for the P1 component and a time window of 1228ms for the N1 component. The
fronto-central N2 and P3a were best captured at electrode FCz by a time window of 250 to 350
ms and 325 to 425 ms, respectively. The P3b was on averag&t5@50s after stimulus onset
and was maximally represented at elede site Pz. Therefore, mean amplitude was calculated
using a time window of 250 to 450 ms, while peak amplitude and peak latency was extracted
from a 200 to 500 ms time window to ensure peaks were captured during extraction. These time

windows are consisnt with previous literature examining the P3b during Stroop task
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performance (Moore et al., 2012; Malinowski et al., 2017). The ERN and Pe were best captured
at the FCz electrode by a time windowi 60 to 100 ms and 75 to 300 ms, respectively.
Results

Self-Report Measures

Independent sampleddsts were conducted to assess differences between baseline
variables for the two intervention groups. At baseline, participants in the mindfulness and control
group did not differ on any of the included varialfa$p values > .199.) However, there was a
significant difference on Leveneobds Test for
Observe subscal& & 9.99,p = .003), which suggests unequal variances among groups. A
We | c Heét ¢for inequal variaes) confirmed that the baseline FFMIPserve scores were
not significantly different from one anothe(42.795) = .88p = .390].

Repeated measures ANOVAs willtoup x Timeas factors were conducted for the
MAAS, FFMQ, and the FMI to assess group digieces across time of training (j.&roup x
Timeinteractions). There was no significant main effedsobup, Time or significantGroup x
Timeinteractions for the MAAS, FFMQ Total, FFMQ Describe or FFMQ Acting with
Awareness measures (plvalues > .83). There was a main effect bimefor FFMQ-Observe
[F(1,36) = 14.20, p < .001], FFM®onjudge F(1,36) = 6.72p = .014], and FFMGNonreact
[F(1,36) = 7.28p = .011]. Both groups showed significant increase on the FHe&erve and
FFMQ-Nonreact facetsgs well as a significant decrease on the FFNiipjudge facet after
training. There was also a significant main effectiohie[F(1,36 = 12.74p = .001] and a
significantGroup x Timanteraction [F(1,36) = 6.59p = .015] for the FMI scale. Pekibc
pairwise comparisons using the Bonferroni correction showed that FMI scores significantly

increased for the mindfulness group after training (from 31.143 before to 36.190 after, mean
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difference of 5.048, p < .001) bdid not significantly change for the control group (from
32.706 before to 33.529 after, mean difference of .824.505). They also showed that the
mindfulness and control group were not significantly different from each other bpferd6)
or aftertraining = .202). Therefore, both the main effecflaiheand theGroup x Time

interaction veredriven by the significant increase of FMI scores after mindfulness training.

A FFMQ-Observe B FFMQ-Nonjudge
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Figure 2. Mean scores for each group across time depicted for (A) the Observe subscale of the Five Facet
Mindfulness Questionnaire (FFMQ), (B) the Nonjudge subscale of the FFMQ, (C) the Nonreact subscale of
the FFMQ and (D) the Freiburg Mindfulness Inventory (FMI). Overall, scores increased over time in both
groups for the (A) FFMQ-Observe (p < .001) and the (C) FFMQ-Nonreact (p = .011), while scores
decreased over time in both groups for (B) FFMQ-Nonjudge (p = .014). Post-hoc pairwise comparisons for
a significant Time x Group interaction (p = .015) revealed that only the mindfulness group showed a
significant increase on (D) FMI scores after training (p <.001). Error bars represent standard errors.

Behavioural Results

A series of 2 x 2 x 2 mixed repeated measures ANOVAs @ithup X Time x
Congruencyas factors were conducted for response times (RTs), acamddyost Error

Slowing (PES). 2 x 2 mixed repeated measures ANOVAs @ithup x Timeas factors were
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conducted for total RT, total accuracy, total PES and the Stroenperence effecPosthoc
pairwise comparisons using the Bonferroni correction were conducted to interpret significant
interactions. Independent samples t tests were also conducted to assess baseline differences
between groups, which showed no signiftodifference at baseline between the mindfulness
group and the control group.
Response Time (RT)

Group x Time x Congrueneyixed repeated measures ANOVA revealed a significant
main effect ofTime[F(1,36) = 37.12p < .001], a significant main effect @ongruencyF(1,36)
= 710.85p < .001], a significan€ongruency x Timmteraction F(1,36) = 43.70p < .001] and
a signficant Congruency x Groumteraction F(1,36) = 5.29p = .027]. Overall, as expected,
response times for congruent trials are faster than response times for incongruent trials
(congruent = 523.83 ms, incongruent = 572. 66 ms, p < .001}hBofairwig comparisons
using the Bonferroni correction for tl@ngruency x Timmteraction showed that RT
significantly decreased (got faster) after training for both congruent trials (from 556.36 ms to
539.20 ms, p <.001) and incongruent trials (from 619.7%rB689.12 ms, p < .001), but this
mean difference was greater for incongruent tria®® (65 ms) than congruent trialsly.17 ms).
The difference in RT between congruent and incongruent trials (Stroop interference effect) was
also significantly differenbefore training (p < .001) and after training (p < .001) but this mean
difference was greater before trainin@®8.41 ms) than after training49.92 ms). Podtoc
pairwise comparisons were also conducted to interpret the signioagruency x Group
interaction, which showed that the difference between congruent and incongruent trials overall
was significant for both the control group (congruent = 551.09 ms, incongruent = 612.65 ms, p <

.001) and the mindfulness group (congruent = 544.467 ms, incongr86t25 ms, p < .001),
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but this mean difference (incongruéntongruent) was greater for the control group (61.55 ms)
than the mindfulness group (51.78 ms). The ANOVA showed no other significant effepts (all
values = .402).

Group x Timeepeated measures ANOVA for Total RT had a significant main effect of
Time[F(1, 36) = 35.46p < .001], which revealed that overall, Total RT decreased after training

(from 586.06 ms to 562.82 ms). No other no other significant effects were obseryeda({ads
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Figure 3. Mean response time (RT) in milliseconds (ms) for congruent trials, incongruent trials
and total trials (collapsed across congruency) organized by group, before and after training.
Overall, congruent RTs were significantly faster than incongruent RTs (ME of Congruency, p <
.001). After training, the change in RTs for incongruent trials was significantly greater than the
change in RTs for congruent trials (Congruency x Time, p < .001). RTs for congruent and
incongruent trials were also significantly faster for both groups after training (ME of Time, p <
.001), however the difference in RTs for congruent and incongruent trials was greater for the
control group overall (Congruency x Group, p =.027). Error bars represent standard errors. ME =
Main Effect.

Accuracy
Group x Time x Congruencgpeated measures ANOVA showed a significant main

effect of Time[F(1,36) = 4.64p = .038] and a significant main effect @bngruencyF(1,36) =

80



Ph.D. Thesi8 S. Krishnamoorthy; McMaster UniversityPsychology, Neuroscience & Behaviour

159.92,p < .001]. As expected, accuracy on corggrutrials (94.7%) was greater than accuracy
on incongruent trials (85.3%Eroup x Timeepeated measures ANOVA for Total Accuracy

showed a significant main effect dime[F(1,36) = 4.67p < .037]. Overall, total accuracy

accuracy (alp values > .06Q)

increased over time (from 88.9% 91.2%). No other significant effects were observed for
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Figure 4. Accuracy depicted by proportion correct of congruent trials, incongruent trials and total
trials organized by group, before and after training. Overall, accuracy was greater on congruent
trials than incongruent trials (p < .001) and increased after training for both groups (p = .038).
Error bars represent standard errors.

PostError Slowing (PES)

Group x Time x Congruencgpeated measures ANOVA showed a significant main
effect of Time[F(1,36) = 14.10p < .001 ] and a significamhain effect ofCongruencyF(1,36)
=138.97p < .001 ]. After training, PES decreased from 612.00 ms to 586.50 ms (response time

after an error did not slow as much as it did at baseline). As expected, PES on congruent trials
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(568.32 ms) was also smalliian on incongruent trials (630.19 mSyoup x Timaepeated
measures ANOVA for Total PES response times showed a significant main efféieof
[F(1,36) = 13.47p < .001]. After training, Total posgrror slowing decreased (from 608.94 ms
to 584.96 ms) regardless of group. No other significant effects were observed ferrpost

slowing (allp values > .069).
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Figure 5. Mean response times (RT) in milliseconds (ms) for post-error slowing (PES) of
congruent trials, incongruent trials and total trials organized by group, before and after training.
Overall, PES was smaller on congruent trials than incongruent trials (p < .001), and decreased
after training for both groups (p <.001). Error bars represent standard errors.

Stroop Interference Effect

Group x Timeepeated meases ANOVA for the Stroop effect showed a significant
main effect ofTime[F(1,36) = 43.70p < .001] and a significant main effect @foup[F(1,36) =
5.29,p = .027]. After training, the Stroop interference effect was smaller (decreased from 63.41

ms t049.92 ms). However, both groups were significantly different from one another overall: the
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Stroop effect in the control group was significantly larger (61.55 ms) than in the mindfulness

group (51.78 ms) regardless of testing time point.

Stroop Interference Effect
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Figure 6. Mean response times (RT) in milliseconds (ms) for the Stroop interference effect (the
difference between RT for congruent and incongruent trials) organized by group, before and after
training. Overall, the Stroop interference effect was larger for the control group than the
mindfulness group (p = .027) and decreases after training for both groups (p < .001). Error bars
represent standard errors.

ERP Results

2 X2 x 2 mixed repeated measures ANOVAs v@ioup x Time x Congruenag factors
were conducted to examine the role of each variable in the mean amplitudes, peak amplitudes
and peak latencies of the P3b waveform at Pz electrode site, the N2, P3a, ERN, and Pe
waveforms at FCz at the electrode site and maxima of the bilateral P1 and N1, which were best
captured by small clusters of left parietalcipital electrodes (PO7 and PO5) and right parietal

occiptal electrodes (PO8 and PO6).

P1 at PO7/PO5 and PO8/PO6@ to 120 ms)
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The left and right P1 waveforms at the PO7/PO5 cluster and the PO8/PO6 cluster are
depicted in Figure %Group x Time x Congruen®NOVAs revealed a significant main effect of
Groupfor the left P1 peak latenc¥(1,33) = 5.13p = .030]. Oveall, the left P1 peak latency
occurred earliefor the mindfulness group (93.37 ms) than the control group (101.23 ms)
indicatingearlier sensory processing sensitive to selective attention in the mindfulnessNwoup
other significant effects were obsed for the P1 waveform at the left or the right clustergall

values > .112 and .071espectively.
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Figure 7. Top panel: Left and Right P1 and N1 stimulus-locked ERPs are depicted for both groups before
training. Bottom panel: Left and Right P1 and N1 stimulus-locked ERPs are depicted for both groups after
training. Left clusters: PO7 & POS. Right clusters: PO8 & PO6. P1 latency window: 60-120ms, N1 latency
window: 120-220ms.
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Figure 8. P1 peak latencies in milliseconds (ms) collapsed across congruency for control and
mindfulness groups organized by hemisphere (left electrode clusters: PO7, POS5; right electrode
clusters: PO8, PO6). Overall, the mindfulness group had a significantly earlier P1 peak latency
compared to the control group, but only in the left hemisphere (p = .030). Error bars represent
standard errors.

N1 at PO7/PO5 and PO8/PO6 (120 to 220 ms)
The left and right N1 waveforms at the PO7/PO5 cluster and the PO8/PO6 cluster are
depicted in Figure %Group x Time x Congruen®NOVAs revealed a significant main effect of
Groupfor the left N1 mean amplitudé(1,33) = 9.69p = .004] and peak amplitie [F(1,33) =
4.29,p = .046] and a significant main effect @bngruencyor the right N1 mean amplitude
[F(1,33) = 9.65p = .004] and peak amplitud&(1,33) = 5.25p = .028]. Overall, the left N1
mean and peak amplitudes were larger for the mindfslgesup (mean amplitudé3 . 0 7 ¢ V,
peak amplitudei5 . 0 2 thantWle control group (mean amplitudet . 13 eV, peaak ampl
3 . 1 6 suggesting group differences in sensory processing in the left hemispherghthe

N1 mean and peak amplitudes walgolarger for incongruent trials (mean amplitud2:. 51 ¢ V,
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peak amplitudei5 . 0 29 compared t@ongruent trials (mean amplitud® . 34 ¢V, peak
amplitudei4 . 84 ¢ V) a c r, suggesting gréater sgnsooy prnocessing occurred on
incongruent trils compared to congruent trials for both the mindfulness and active control

training groupsThere were nothersignificant effectobservedor theN1 waveform at the left

or right cluster(all p values >077 and052, respectively
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Figure 9. N1 mean amplitudes organized by hemisphere (left electrode clusters: PO7, POS5; right
clusters: PO8, PO6) in microvolts (V) (A) collapsed across congruency and time for control and
mindfulness groups and (B) collapsed across group and time for congruent trials and incongruent
trials. Overall, there was a main effect of group in the left hemisphere where the N1 mean
amplitude was larger for the mindfulness group than the control group (p = .004) and a main
effect of congruency in the right hemisphere where the N1 mean amplitude was larger for
incongruent than congruent trials in the right hemisphere (p = .004). Error bars represent standard
eITors.

N2 at FCz (2500 350 ms)

The N2 waveform at the FCz electrode site is depicted in Figure 10. Mixed repeated
measures ANOVAs revealed significant effects for the N2 mean amplitude, peak amplitude and
peak latency within a time window of 250 to 350 ms after stimulustofiere was a significant

main effect ofCongruencyF(1,33) = 9.72p = .004] and a significantime x Congruency X
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Groupinteraction F(1,33) = 4.47p = .042] for the N2 mean amplituddo other significant

main effects or interactions were observed for the N2 mean amplitugevédilies > .255).

Overall, the N2 mean amplitude was significantly larger for incongruent than congruent trials.
Posthoc pairwise comparisons of thiene x Cagruency x Groufnteraction showed that the

N2 mean amplitude for the mindfulness group was significantly different on congruent and
incongruent trials before training (congruent befoie 95 €V, i ncoilg r3B@retV,bef
=.002), but this diffenece did not exist after training (congruentaftér.=9 2 €V, i ncongr u
after =71 . 0 8 p=c.127) suggesting increased efficiency in conflict detection and monitoring

of stimuli with varying degrees of cognitive interference after mindfulness traifimege were

no other significant podtoc pairwise comparisons for thigne x Congruency x Group

interaction(all p values >.099.

There was also a significant main effecGafngruencyor the N2 peak amplitude
[F(1,33) = 4.79p = .036], where the peak amplitude was significantly larger for incongruent
than congruent trials (congruenti 2.06 , incongruent £2.21,p = .036).No other significant
main effects or interactions for the N2 peak latency were observenv@lies >122).

There was also a significa@bngruency x Groumteraction for the N2 peak latency,
[F(1,33) = 4.54p = .041]. Poshoc pairwise comparisons showed that overall, the mindfulness
group had a significant difference in congruency of the N2 pealciatemnindfulness congruent
= 293.69 ms, mindfulness incongruent = 300.68pr¥s,028), while there was no difference in
the control group (control congruent = 300.17 ms, control incongruent = 297.55=m&35).

The N2 peak latency between groups wassigtificantly different on congruenp € .426) or
incongruent trialsg = .696).There were no other significant effegtsreobservedor the N2

peak latency (alp values > .113).
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Figure 10. N2 (250-350 ms) and P3a (325-425 ms) ERPs are depicted at FCz for the control group before
and after (left panel) and the mindfulness group before and after (right panel). Overall, N2 mean and peak
amplitudes were larger for incongruent trials than congruent trials and larger after training for both groups.
N2 peak latencies were also significantly faster after training in both groups. Post-hoc pairwise comparisons
of a significant Time x Congruency x Group interaction (p = .042) showed that the N2 mean amplitude for
the mindfulness group was significantly different on congruent and incongruent trials before training (p =
.002), but this difference in conflict detection and monitoring of congruency dissipated after training (p =
.127). P3a amplitudes were larger for congruent trials than incongruent trials. Post-hoc pairwise comparisons
of a significant Time x Congruency x Group interaction (p = .041) for the P3a latency also showed that after
training, P3a peak latencies on incongruent trials were significantly slower for the mindfulness group
compared to the control group (p = .049) and compared to congruent stimuli (p = .013). No significant
differences were observed in the control group after training.
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Figure 11. N2 mean amplitudes at FCz in microvolts (uV) for control and mindfulness groups
organized by time and congruency with a latency window of 250 to 350 ms. Overall, the N2
amplitude was larger for incongruent trials than congruent trials p = .004). Before training, the
N2 mean amplitude in the mindfulness group was significantly different for congruent and
incongruent trials (p = .002), but this difference was eliminated after training (p = .127). N2 mean
amplitudes showed the same pattern of results. Error bars represent standard errors.

P3a at FCz (325 to 425 ms)

The P3a waveform at the FCz electrode side is depicted in Figure 10. Mixed repeated
measures ANOVAs revealed significant effects for the P3a mean amplitude, peak amplitude and
peak latency within a time window of 325 to 425 ms. There was a significaneffech of
Congruencyor the mean amplitudd-[1,33) = 15.61p < .001] and the peak amplitudg(lL,33)
= 6.997 p = .012] where the amplitudes were significantly larger for congruent than incongruent
trials. There was also a significant main effecCohgruency{F(1,33) = 5.05p=.031] and a
significantTime x Congruency x Groupteraction for the P3a peak laten€(1,33) = 4.55p =
.041]. Overall, the P3a peak latency was significantly faster for congruent trials than incongruent

trials (congruent 391.87 ms, incongruent = 398.24 ms). Huast pairwise comparisons of the
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Time x Congruency x Groupteraction showed that after training, P3a peak latency for the
mindfulness group was significantly slower on incongruent trials than for the contopl gro
(mindfulness after incongruent = 404.61 ms, control after incongruent = 388.92=n(#9).

After training, this delayed incongruent P3a peak latency in the mindfulness group was also
significantly slower than the P3a peak latency on congruent gnétsifulness after congruent =
387.34 ms, mindfulness after incongruent = 404p64,013), while no difference in congruency
of peak latency was observed in the control group (control after congruent = 394.29 ms, control
after incongruent = 388.92 n3= .460). This suggests a congruency effect in the speed of
stimulus evaluation after mindfulness training where there was a significant delay in stimulus
driven attentional capture of incongruent stimuli compared to congruent stimuli, but not after
activecontrol (guided visual) trainingNo other significant effects were observed for the P3a
mean amplitude (afp values >154), peak amplitude (app values >.113, or peak latency (ap

values >189.
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Figure 12. P3a peak latencies at FCz in milliseconds (ms) for control and mindfulness groups
organized by congruency, before and after training, with a latency window of 325 to 425 ms.
After training, P3a peak latency for the control group was significantly faster on incongruent
trials than the mindfulness group (p = .049). After training, this delayed incongruent P3a peak
latency in the mindfulness group was also significantly slower than the P3a peak latency on
congruent trials (p = .013). Error bars represent standard errors.

P3b at Pz (250 to 550 ms)

The P3b waveform at éhPz electrode site is depicted in Figure 13. Mixed repeated
measures ANOVAs revealed a significant main effec@afgruencyor the P3b mean
amplitude F(1,33) = 36.37p < .001], peak amplitudd-[1,33) = 16.62p < .001] and peak
latency F(1,33) = 10.18p = .003]. Overall, amplitudes were larger and slower for congruent
than incongruent trials. There was also a signifidamie x Groupnteraction for the P3b peak
amplitude F(1,33) = 5.90p = .021]. Poshoc mirwise comparisons showed that after training,
the mindfulness group had a significarglyrlierpeak latency compared to their baseline

(mindfulness before = 338.97 ms, mindfulness after = 323.96 m9)14), and compared to the

control group postraining (mindfulness after = 323.96 ms, control after = 341.19ms020)
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suggesting faster conscious evaluation of all stimuli after mindfulness traliage were no
significant differences between groups before trainpyg 649) or within the contd group
before and after trainingp & .372).No other significant effects were observed for the mean
amplitude (allp values > .326), peak amplitude (plalues > .141), or peak latency (pNalues

> .252).

P3b P3b

Pz } P
3

Contred Before: Congruent Hit Stimuhs Mindfulness Befare Co nt Flit Stirvubus
X p . nEruc
me‘i: BI'::;UH:. lmgﬂa’?ﬁ “'ll_b“m"m' Mindfulness Before : [ncongneent Hit Stimulus
_g"'"m_l AH" ]L'nn;zru:n: 'II; S;",”b"ls — Mindfulness Afier: Congruent Hit Simulus
oatro] Afler: Incongruent Hat Stmulus — Mindfulness Afier: Incongroent Hit Siemulus

Figure 13. P3b ERPs are depicted at Pz with a time latency window of 250 to 550 ms for control
group before and after (left panel) and mindfulness group before and after (right panel). Overall,
P3b mean and peak amplitudes were larger for congruent trials than incongruent trials. Post-hoc
pairwise comparisons of a significant Time by Group interaction (p = .021) showed that P3b peak
latencies were significantly earlier in the mindfulness group after training compared to baseline
(p=.014) and compared to the control group after training (p = .020).
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Figure 14. P3b peak latencies at Pz in milliseconds (ms) for control and mindfulness groups
organized by congruency, before and after training, with a latency window of 250 to 550 ms.
Overall, P3b peak latencies were significantly earlier in the mindfulness group after training (p =
.014). After training, P3b peak latencies in the mindfulness group are significantly faster than P3b
peak latencies in the control group (p = .020). Error bars represent standard errors.

ERN at FCz (0 to 75 ms)

The ERN wavefan at the FCz electrode site is depicted in Figure 15. Mixed repeated
measures ANOVAs revealed significant effects for the peak amplitude and peak latency within a
time window of 0 to 75 ms after response, but no significant main effects for mean amplitude
were observed (afl values > .104). There was a signific&ungruency x Groupmteraction for
the ERN peak amplitudé-(1,33) = 6.47p = .016], but no other significant effects were
observed for this measure (plvalues > .168). Podtoc pairwise comgrisons showed the peak
amplitude was significantly larger for congruent errors than incongruent errors, consistent with
what would be expected in a Stroop task, but only for the mindfulness group (mindfulness

congruent52 . 33 eV, mindf gilln &5 p=<.008)cttemre gas ncesigrificant
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difference in ERN by congruency for the control group (control congrueht=8 4 ¢ V,
congruent incongruenti2 . 0 9 p=£.366). There was also a significant main effect of
Congruencyor the ERN peak lateydF(1,33) = 6.54p = .015], where the ERN peak latency
was significantly slower after congruent errors than incongruent errors, and a sigfiiicant
Groupcrossover interaction for the peak latendy(]L,33) = 5.37p = .027]. Poshoc pairwise
comparisons showed thdiet ERN peak latency for the mindfulness group was significantly
earlier than that observed in the control group before training (mindfulness before = 23.75 ms,
control before = 33.69 mp,= .005), but the ERN peak latency was not significantly different
between groups after training (mindfulness after = 31.04 ms, control after = 26.p& n434)
suggestinglelayed automatic detection of errors after mindfulness traiNiagther significant

effects for the ERN peak latency were observedo(adllues> .096).
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Figure 15. The error-related negativity (ERN: 0 to 75 ms) and error positivity (Pe: 100 to 200 ms) are
depicted at FCz for the control group before and after (left panel) and the mindfulness group before and after
(right panel). Overall, post-hoc pairwise comparisons of a significant Congruency x Group interaction (p =
.016) showed that the ERN peak amplitudes were significantly larger for congruent errors than incongruent
errors but only for the mindfulness group (p = .009). Overall, the ERN peak latency was significantly slower
for congruent errors than incongruent errors (p = .015). Post-hoc pairwise comparisons of a significant Time
x Group interaction (p = .027) also showed that the ERN peak latency for the mindfulness group was
significantly earlier than the control group before training (p = .005), but not significantly different after
training (p = .434). Overall, the Pe peak amplitude was significantly larger for congruent errors than
incongruent errors {p = .038), but no other significant effects for the Pe were observed.
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Figure 16. ERN peak latencies at FCz in milliseconds (ms) for control and mindfulness groups organized by
congruency, before and after training, with a latency window of 0 to 75 ms. Post-hoc pairwise comparisons of
a significant Time by Group interaction (p = .027) revealed that the ERN peak latency for the mindfulness
group was significantly earlier than the control group before training (p = .005), but not significantly different
after training (p = .434). Overall, the ERN peak latency was significantly slower on congruent errors than
incongruent errors (p = .015). Error bars represent standard errors.

Pe at FCz (100 to 200 ms)

The Pe waveform at the FCz electrode site is depicted in Figure 15. Mixed repeated
measures ANOVASs revealed a significant main effec@afgruencyor the Pe peak amplitude
within a time window of 100 to 200 ms afteesponseH(1,33) = 4.65p = .038). Overall, the Pe
peak amplitude was significantly larger for congruent than incongruent trials (congruent = 4.68
eV, i ncongr wpe038), indicdtingreataff&tiivesalience of errors made on the
feadie®eongruent trials. No significant effects

peak latency (alp values > .120).
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Figure 17. Pe peak amplitudes at FCz in milliseconds (ms) for congruent and incongruent errors organized
by time, before and after training, with a latency window of 100 to 200 ms. Overall, Pe peak amplitudes were
larger for congruent errors than incongruent errors (p = .038). Error bars represent standard errors.

Discussion

In the current electrophysiology literature, it is difficult to interpret the effects of
mindfulness training on neysbysiological indices of attention and cognitive control in the
absence of carefully controlled longitudinal designs that establish an information processing
timeline using both stimuld®cked and respondecked ERPs. By isolating the specific effects
of mindfulness training using ERPs associated with enhanced attention and cognitive control, we
can capture an electrophysiological time course of cognitive processes that are unique to mindful
attention regulation. Establishing this information processingline is important when

studying the impact of mindfulness on underlying neural correlates of early sensory processing
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sensitive to selective attention, conflict monitoring, allocation of attentional resources, conscious
stimulus evaluation and resporssgection, as well as reactivity to errors.

EEG was used to record ongoing neural activity during performance Dfghestroop
task, before and after two weeks of daily mindfulness meditation practice or guided visual
imagery practice. By contrastiniget passive attention regulation in guided visual imagery
meditation with the more controlled and specific practice of sustaining focus, disengaging from
distractions and rdirecting attention in mindfulness meditation, the results ofstiidy isolated
electrophysiological indices of cognitive control unique to mindful attention regulation. After
two weeks of daily practice, the mindfulness meditation group showed multiple
electrophysiological changes, including increased efficiency in conflict deteartid monitoring
of stimuli with varying degrees of cognitive interference (attenuated N2 amplitude), delayed
automatic capture of attention by incongruent stimulus features (delayed P3a latency for
incongruent stimuli), faster conscious evaluation ostthuli (earlier P3b latency), and delayed
automatic detection of errors (delayed ERN latency).
N2: Conflict Detection, Conflict Monitoring and Inhibition

The current study provides evidence that mindfulness training may increase efficiency in
control praeesses related to conflict detection, conflict monitoring and inhibitory suppression of
incorrect responses. Before training, the mindfulness group showed a largeefitrat N2
mean amplitude for incongruent compared to congruent trials. Howevdra#ane difference
in conflict detection and monitoriffgr incongruentersus congruerstimuli was eliminated
after mindfulness training, suggesting the same recruitment of control processes were required to
detect, monitor and inhibit conflict in botdongruent and incongruent stimulus features. In other

words, this finding suggests that mindfulness training may optimize the deployment of control
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processes related to conflict detection, monitoring and inhibition in order to process stimuli with
varyingdegrees of cognitive interference more efficien@yerall, he mindfulness grouglso

had an earlier Npeaklatencyon congruent trials compared to incongruent triaksfore and

after training This suggests that the neural processes involved in fgiengticonflict occurred

more quickly on congruent trial@rsus incongruerttials for the mindfulness groygven

though the neurocognitive resources required to process varying degrees of conflict was
attenuated and not significantly different from tloéivee control group after training.

This result is divergent from a small set of prior mindfulness ERP studies that found
increased N2 amplitudes during cognitive control tasks (Atchley et al., 2016; Malinowski et al.,
2017; Moore et al., 2012; Norris &t, 2018; Quaglia et al., 2016). In two very different
longitudinal mindfulness training studies that also used a Stik@paradigm, an increase in N2
amplitude was observed pastervention (Malinowski et al., 2017; Moore et al., 2012),
however, it $ unclear the extent to which methodological differences may have contributed.
Malinowski et al. (2017) compared performance on an emotmmaiting Stroop task in a group
of older adults (ages 55 to 75 years) after 8 weeks of mindfulness meditatiomgtoaibrain
training exercises (active control), while Moore et al. (2012) examined performance on a colour
word Stroop task in a group of healthy adults with 16 weeks of mindfulness meditation training
compared to wait list controls. While both studissdia substantially longer length of training
relative to our 2 weeks of trainingmportantly, Malinowskiet al. (2017) studied a sample of
older adults who are likely to demonstrated a greater prevalence-célagel executive deficits
(Friedman et a).2009; Friedmai& Robbinsg 2022) and therefore may have had more room to
improve on a task designed to recruit executive control and emotion regulation simultaneously

that would be more likely to elicit an increased N2 response. On the other hand, Maore e
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(2012) compared colowword Stroop performance after 16 weeks of mindfulness training using
a population of healthy younger adults and observed an increased N2 response on incongruent
trials. Taken together, the results of these studies suggeatltmager period of mindfulness
training may be required to observe an increased N2 amplitude, particularly on incongruent
trials. However, the N2 reported by Malinowski et al. (2017) peaked between 160 and 240 ms
over occipitl-parietal regions of both haspheres and better fits the profile of an N1
component, rather than an N2 component. Finally, both prior Stroop studies employed control
groups venydifferent from the active control group included in the present study. Therefore,
increased N2 amplitudesay only be observed relative to control conditions that do not have
comparable demands on cognitive control.
P3a: StimulusDriven Attentional Capture and Involuntary Allocation of Attention

In line with our hypotheses, the mindfulness group exhibitadtagse to automatic
capture of stimuluslriven attention after training, particularly to incongruent stimuli, reflected
by a slower P3a peak latency on incongruent stimuli compared to congruent stimuli after
mindfulness training. This P3a peak latencyirmongruent trials in the mindfulness group was
also significantlyslower tharin the control group after training. No significant change in the P3a
peak latency between congruency conditions was observed in the control group. This congruency
effect in thespeed of stimuluslriven attentional capture demonstrates delayed involuntary
allocation of attention after mindfulness training, but not after active control training.

To our knowledge, only two prior studies have examined the impact of mindfulness
meditation training (?) on the frontonedial P3a component. In a withsaibject design, Cahn
and Polich (2009) compared performance on an auditory oddball task after 3Gsrinute

mindfulness (Vipassana) meditation or 30 minutes of random thinking {wandering) in a
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sample of meditators with 20 years of Vipassana meditation experience. They observed a lower
P3a amplitude for deviani€.., incongruent) tones during the madive state relative to the
mind-wandering state. This size of the reduction in P3a amplitude was also positively correlated
with frequency of meditation practice, providing strong evidence that the practice of mindfulness
is associated with reduced stilmstdriven attentional capture. While the reduced P3a amplitude
associated with detection of deviant or incongruent stimuli in the context of mindfulness practice
is limited to this one study of very experienced meditators, a recent study by Incagli and
cdleagues (2020) examined the impact of 8 weeks of Mindfulness Based Stress Reduction
(MBSR) training on cognitive control performance using ané@oxtinuous performance task
(AX-CPT; Dias et al ., 2003). Based ommdraver et
Cognitive Control (DMCC), the AXCPT paradigm was used to test the dynamic interaction
between proactive (e.g., give example of what ERP would measure proactive) and reactive (e.g.,
what ERP measures reactive) cognitive control mechanisms. InckR3aemmplitudes were
observed across all trial types after MBSR training relative to the active control training group
that received 8 weeks of Pilates training. Although this result is opposite to the attenuated P3a
amplitude observed in the study by Cama Polich (2009), larger P3a amplitudes have been
observed in AXCPT paradigms and are thought to reflect greater inhibition of prepotent
responses (Morales et al., 2015). Therefore, this larger P3a amplitude was interpreted as
increased efficiency of eetive cognitive control mechanisms in the MBSR group-frasting.
Although we did not observe modulations of P3a amplitude after mindfulness training,
the delay in P3a peak latency on incongruent trials demonstrates a disengagement of automatic
stimulus-driven attentional capture similar to what was found by Cahn and Polich (2009). This

interpretation of the present P3a | atency fin
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mindfulness facilitates unbiased information processing by disergggmattentional system

from stimulusdriven activation. It is important to note however that the attenuated P3a
amplitude for deviant tones reported by Cahn and Polich (2009) was observed in experienced
meditators during a meditative state, while ouaglet P3a peak latency was observed in naive
meditators after 2 weeks of daily meditation during a cognitive control task. Even though Incagli
et al. (2020) also examined cognitive control performance after mindfulness training, the
duration of MBSR trainig lasted 8 weeks and was compared to an active control group (Pilates
training) that placed emphasis on performing correct and harmonious movements. During a
typical MBSR program, individuals follow a structured and standardized intervention that
includesa variety of attention regulation exercises, including sitting meditation, walking
meditation, eating meditation, gentit@vementand body scan (Kabatinn, 1990). Although it

is plausible that engaging in am&ek MBSR program increases domganeral ognitive

control overall, without an appropriate active control group to target precise cognitive processes,
it is still unclear which mindful attention regulation mechanisms in MBSR lead to increased
efficiency of reactive cognitive control mechanismdlé¢eted by larger P3a amplitudes).
Nevertheless, this finding challenges our current interpretation of the delayed P3a peak latency
observed in our study. Rather than proactively disengaging the attentional system from-stimulus
driven activation, mindfulres training could have upregulated reactive control mechanisms,
resulting in a latecorrection process. As a result, the delayed P3a peak latency on incongruent
trials could reflect react i-ivtei men ttro | deanteecchta nd r
incongruent interferendenmediately before response is required in a late correction rather

than early detection method of processing.

P3b: Conscious Processing and Evaluation of Stimuli
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We also predicted that the deliberate disengagement of attérdim task irrelevant
features (identity of digits) and redirection of attention to relevant task features (number of
digits) would lead to more efficient evaluation and conscious processing of stimuli after
mindfulness training, reflected by decreas8&b Bmplitudes and faster P3b latencies compared
to the active control group. Although we did not observe modulation of P3b amplitudes between
or within groups across time, the mindfulness group had significantly faster P3b peak latencies
on both congruerdnd incongruent stimuli after training, suggesting faster conscious processing
and evaluation of stimuli overall. This effect was not observed in the active control group, who
showed no significant difference in latency of the P3b before versus aftargrain

The impact of mindfulness on the P3b is mixed in the literature. Mindfulness has been
associated with greater P3b amplitudes on tests that require attentionreldgaakt stimuli,
such as the auditory oddball task (Atchley et al., 2016; Del§asior et al., 2013; Smart et al.,
2016). However, mindfulness has also been associated with reduced P3b amplitude during tests
that require inhibition of taskrelevant information, such as distractor tones during an auditory
oddball task (Atchley et al2016), irrelevant stimuli during an attentioftdink task (Slagter et
al., 2007), irrelevant stimuli during a Go/Nogo task (Howells et al., 2012) or competing
alternatives during a Stroop task (Moore et al., 2012). Finally, some studies show no effect of
mindfulness on the P3b during the Attention Network Task (Norris et al., 2018) or the Stroop
task (Malinowski et al., 2017). Furthermore, no prior studies report significant changes to P3b
peak latencies after mindfulness training.

In general, across stied in the extant literature, increased R8&iplitudewasobserved
when processing tagielevant stimuli (Atchley et al., 2016; Delga&astor et al., 2013; Smart et

al., 2016) and decreased P8hplitudewas observed when inhibition of tasievant
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information was required (Atchley et al., 2016; Slagter et al., 2007; Howells et al., 2012; Moore
et al., 2012). This pattern supports the differences in P3b findings in the current study, where P3b
amplitudes were significantly larger for congruent trials, igh®oth stimulus features (identity
of digits and number of digits) activate the correct-ad&vant response (number of digits),
compared to incongruent trials, which require greater inhibition ofitesllevant features
(identity of digits). While na@hanges t¢3b amplitudes were observed between groups across
time, significant differences in P3b peak latencies were observed, reflecting changes to speed of
conscious processing and evaluation of stimuli. Surprisingly, we found that P3b peak latencies
were significantly faster for incongruent stimuli compared to congruent stimuli overall,
suggesting faster allocation of attention to the evaluation and processing of stimuli with greater
conflict, and slower allocation of attention involved in evaluatiot processing of stimuli with
less conflict. While this difference in amplitude and latency across congruency (larger, slower
P3b on congruent trials and smaller, faster P3b on incongruent trials) suggests differential
recruitment of control processes &ach trial type, this pattern was observed in both groups
across time and therefore cannot be attributed tdramying effects. Instead, it is more likely
due to distinct control strategies that are engaged by task stimuli with varying degrees of conflict
or cognitive interference. Irrespective of congruency, we still observed a significantly faster P3b
peak latency in th mindfulness group after training, which reflects faster conscious processing
and evaluation of stimuli overall.
ERN and Pe: Error Processing and Performance Monitoring

Finally, we also hypothesized that the deliberate disengagement of elaborativeipgoces
and redirection of attention to present task goals in mindfulness training would facilitate

Anonjudgment al acceptanceo when errors are
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conscious awareness of errors after mindfulness training. In ithehis, we predicted
decreased ERN and Pe amplitudes after mindfulness training and increased ERN and Pe
amplitudes after control training, particularly for the more salient congruent errors. However, the
mindfulness group showed a significantly larg&NEpeak amplitude after errors on congruent
trials compared to errors on incongruent trials, suggesting greater reactivity to having made an
error on the easier trials, while there were no significant differences in the ERN following errors
on congruent wsus incongruent trials for the control group. Interestingly, there was a significant
Time x Group crossver interaction that showed the ERN peak latency regardless of stimulus
congruency was significantly faster for the mindfulness group than thatritrelggroup before
training, but there was no difference between groups after training. In other words, this cross
over interaction shows that while the active control group became faster at automatic detection of
errors after training, the speed of auttimaeural response to errors after mindfulness training
was delayed. No difference in ERP markers of conscious error processing were observed
between or within groups as measured by the Pe. Overall, Pe peak amplitudes were significantly
larger for congruet than incongruent trials across groups, suggesting both groups were
consciously processing and equally more awar e
congruent trials compared to incongruent trials lpoth and postraining.

The impacbf mindfulness on error detection and performance monitoring is mixed in the
literature. Some prior studies have folardincreased ERN associated with mindfulness (Teper
& Inzlicht, 2013; Smart & Segalowitz, 2017; Eichel et al., 2017; Saunders et &), \R@ile
some studies show a decreased or unchanged ERN (Larson et al., 2013; Schoenberg et al., 2014;
Bing-Canar et al., 2016). Likewise, the impact of mindfulness on Pe modulation is unclear, with

some studies showing an increased amplitude (Schoernterg2014), some studies showing a
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decreased amplitude (Larson et al., 2013) while some studies showed no change (Teper &
Inzlicht, 2013; Smart & Segalowitz, 2017; Saunders et al., 2016:@amagr et al., 2016).

In the present study, mindfulness tragidid not modulate ERN or Pe amplitudége
found that both groups displayed neurophysiological indices suggesting greater affective salience
to committing errors on congruent trials relative to incongruent trials, as would be in keeping
with the conceptalization of the ERN and Pe broadly, and this did not vary between groups or
across time. We did however find group differences across time in the ERN peak latency,
irrespective of stimulus congruency. Specifically, the active control group became faster a
automatic detection of errors after training while the mindfulness group showed a delayed neural
indicator of automatic error detection after mindfulness training. We propose this delay in
attentiveness to errors as measured by the ERN was facilitated tgliberate disengagement
of el aborative processing or Aj udegmasadt 0 when
vigilanceof error detection after mindfulness training. To our knowledge, this is the first study to
show differences in ERN latenciaer mindfulness training.
General Discussion

Taken together, these electrophysiological results demonstrate key differences in neural
markers of cognitive control processes after mindfulness training relative to guided visual
imagery training. Aftemindfulnesstraining,individualswere still faster at processing conflict in
congruent stimuli compared to incongruent stimeNien though the neurocognitive resources
required to process varying degrees of conflict was attenuated after tr&ollogving tis
attenuated conflict detection, the mindfulness group showed a congruency effect in the speed of
stimulusdriven attentional capture, demonstrating delayed involuntary allocation of attention to

incongruent stimuli in the same focal anterior regionsclwvivas not observed after active
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controltraining. Themindfulness group also showed faster conscious processing and evaluation
of both congruent and incongruent stimuli ovéradin effect that was not observed in the active
control group, who showed nagsificant difference in speed of processing after training.

Finally, after committing errors, the mindfulness group demonstrated a delayed automatic neural
detection of errors, while the active control group showed the opposite trend.

Despite these grougifferences in electrophysiological indices of cognitive control, there
were no significant differences in behavioural performance between groups after training.
Overall, both groups showed the same pattern of expected reduatespanse timeshe
Stroop interferenceffect, posterror slowing (PES) and increased accuracy. There was a
Congruency x Groumteraction for RT and significant main effect@foupfor the Stroop
interference effect, but this showed that overall, difference in congruencyreasrgor the
active control group. Although this points to f@esting differences between groups, the
difference in congruency collapsed across time suggests differential control mechanisms in the
active control group overall. In contrast with mindfut t ent i on regul ati on,
passive attention regulation in guided visual imagery training facilitated susceptibdanflact
or interferenceffects. This is supported by faster involuntary attentional captumrgcongruent
stimuli relatve to congruent stimuli, and slower conscious evaluation and processing of all
stimuli observed in the active control training group.

Limitations and Future Directions

Due to scheduling constraints and limited enrollment of the fepemon group traing
sessions, our experiment consisted of small sample sizes. Smaller sample sizes introduced more
individual variance in the mean ERP data, placing emphasis on within group differences rather

than between group differences when-exésting group differenes emerged in the data. As part
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of this larger longitudinal design, participants also completed a number of different tasks at
baseline and after two weeks of daily trainin
confounded by states of fatigaad decreased attentional vigilance, particularly-frasiting,

when we expect the largest impact of mindfulness training on cognitive control. While this

potential effect would be similar across training groups, it could have impacted the comparison

of the present results to prior studies reported in the literature.

In order to completely isolate and discern the effects of mindfulness training on cognitive
control, it is necessary to contrast mindful attention regulation and passive attention regulation
with an inactive control group that doesnodt er
between prdest and postest sessions. Although we predicted the deliberate exercise of
disengaging and redirecting attention in mindfulness training wolgdttapecific cognitive
contr ol processes, ités possible that the pas
training also influenced the same cognitive control processes by virtue of simply guiding
attention in some way. In other words, withthg inclusion of an inactive control group, we
candét confirm whether the guided visual i mage
electrophysiological indices of cognitive control in parallel or opposite ways. This could explain
why the majority of electrophydimgical effects observed in this study reflected changes in speed
of processing (peak latencies) rather than modulations in allocation of resources (mean and peak
amplitudes), which is more commonly reported in the literature.

While future longitudinal dgigns should consider the inclusion of an inactive control,
subsequent training studies should replicate this design by using passive attention regulation in
an active control group to isolate the impact of mindful attention regulation on various ERPs

related to cognitive control. While this can be accomplished by using various tasks of executive
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function, differences in mindfulness may not be observed unless cognitive control processes are
sufficiently challenged, contributing to discrepant findings innttiedfulness literature. One

way to counteract this is bgcreasingdifficulty on a task such as the titrated Digit Stroop task
(Chapter Twopnd examining the impact of mindfulness training on behavioural and
electrophysiological correlates when cogretsontrol processes are upregulated.

Conclusion

Using the high temporal resolution of electroencephalography, this study sought to isolate
precise neural mechanisms underlying the impact of mindfulness training on various aspects of
cognitive control by capturing an information processing timeline dirtkeboth stimulus
presentation and response completion. The inclusion of an active control group specifically
designed to isolate the effects of mindfulness by contrasting mindful attention regulation with
passive attention regulation was fundamentakaupcing novel results that expand the limited
literature on the electrophysiology of mindfulness and cognitive control. Using EEG to record
both stimuludocked and respondecked ERPs, this study provides evidence that after two
weeks of daily 2éminutepractice, mindfulness training can lead to multiple electrophysiological
changes, reflecting efficiency in detecting and monitoring varying degrees of conflict
(equivalent N2 amplitudes across congruency), resistance to automatic capture of attention by
incongruent stimulus features (delayed P3a amplitude for incongruent stimuli), faster conscious
evaluation of all stimuli (earlier P3b latencies), and delayed automatic detection of errors
(delayed ERN latencies). The results of this study have impongfitations for our empirical
understanding of mechanisms involved in mindful attention regulation and their convergence

with domaingeneral executive functioning and cognitive control.
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Chapter 460 The Impact of Mindfulness Training on Electrophysiological Indices of
Cognitive Control When Task Difficulty is Increased
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Abstract
Few electrophysiological studies examine the effects of mindfulness training on neural indices of
enhanced attention and cognitive control. Of these few, large discrepameixperimental
design have led to conflicting results. Here, we address these discrepancies by examining both
stimuluslocked and respondecked ERPs in a sample of healthy, young adults, comprised of a
mindfulness training group and a novel activatool group using a titratedigit Stroop
cognitive control task designed to increase difficulty. Although we did not observe any
behavioural differences between groups after training, we found electrophysiological differences
that reveal the impact of ndfulness training on early perceptual processing, stirdiven
attentional capture, and conscious evaluation of stimuli. After two weeks of daily practice, the
mindfulness meditation group showed a larger occipigaietal P1 amplitude in the right
hemsphere, reflecting enhanced sensory processing, and earlier posterior P3b peak latencies on
congruent and incongruent trials, reflecting faster conscious evaluation of all stimuli. In contrast,
the frontal P3a peak latency was significantly delayed imdtige control group, while there
was no change observed in the mindfulness group, reflecting a resistance to automatic capture of
stimulusdriven attention after mindfulness training when task demands were sufficiently
challenging. These electrophysigical changes are discussed in terms of the cognitive control

processes that vary as a function of mindfulness attention regulation.
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Introduction
Broadly conceptualized as preseentered and nejudgmental awareness,
mindfulness involves maintainingatacognitive awareness of current experiences by sustaining
attention on relevant information, ignoring or inhibiting irrelevant information, while monitoring
and disengaging from any elaborative processing or judgment that arises in awareness (Bishop et
al., 2004; Kabatinn, 1990). Although mindfulness has been practiced for 2,500 years as a
deliberate exercise in observing internal and external events or experiences, modern scientific
inquiry of mindfulness is relatively recent. Yet, in the span ofaadecades, widespread
scientific interest in mindfulness has already documented various salutary effects of mindfulness
on neurobiologicalpsychologicaland behavioural outcomes. As a deliberate exercise involving
attention, an emerging body of literadunras examined the convergence between mindfulness
and attentiofrelated construcés most notably executive functions including cognitive control.
Cognitive control refers to the set of processes that monitors and selects information relevant to
current goss, while ignoring or inhibiting irrelevant information, and facilitating information
processing and behaviour to vary adaptively from moment to moment depending on those
chosen goals (Botvinick et al., 2001; Cohen et al., 2000; Morton et al., 2011; Poahg?004).
By monitoring and selecting information relevant to the present experience and redirecting
attention from irrelevant informatior (q.,distractions), meditators can develop greater control
over a set of cognitive processes that promottilibehavioural adaptations in response to
fluctuations in cognitive demand.
Indeed, several studies have documented the impact of mindfulness on executive function
(Jha et al., 2007; Moore & Malinowski, 2009; Semple, 2010; Teper & Inzlicht, 2013; see

Gdlant, 2016 and Chiesa et al., 2011 for reviews). The most consistent findings belong to
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behavioural studies that have examined the effects of mindfulness training on cognitive control
using stimuli that present competing streams of information, sucle &ritop task (Allen et al.,
2012; Chan & Woollacott, 2007; Moore & Malinowski, 2009; Teper & Inzlicht, 2013; Wenk
Sormaz, 2005). However, other behavioural studies using similar tasks of executive function
showed no significant impact of mindfulness tnaghon cognitive control performanc8t(oop:
Anderson et al., 2007; Moore et al., 20Egnker: Larson, et al., 2013), leading to discrepant
findings and cautious interpretations of underlying mechanisms.

More recently, an emerging literature of eleptrgsiological studies has attempted to
disentangle discrepant findings by using the high temporal resolution of electroencephalography
(EEG) and eventelated potentials (ERPs) to examine the neural basis of mindfulness and
cognitive control. For exampla,number of studies have shown that mindfulness is associated
with an increase in control processes related to conflict detection and monitoring of competing
stimulus features, indexed by an increased anterior N2 ERP amplitude (Atchley et al., 2016;
Malinowski et al., 2017; Moore et al., 2012; Norris et al., 2018; Quaglia et al., 2015).
Mindfulness has also been linked to modulations of involuntary stiraliiusn attentional
capture, indexed by a reduced P3a amplitude to deviant tones in experiencetbraetiiting
an auditory oddball task (Cahn and Polich, 2009) and increased efficiency of reactive control
mechanisms, indexed by larger P3a amplitudes during theo¥nuous performance task
(AX-CPT) after 8 weeks of Mindfulness Based Stress Reducti@s@®) KabatZinn, 1990;

Incagli et al., 2020). There is also evidence that mindfulness is associated with increased
conscious access or conscious processing of stimuli during tasks that require attention to task
relevant stimuli, indexed by a larger P3b ditage on the auditory oddball task (Atchley et al.,

2016; DelgaddPastor et al., 2011; Smart et al., 2016) and reduced P3b amplitude during tasks
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that require inhibition of taskrelevant information, such as distractor tones during an auditory
oddball ask (Atchley et al., 2016), irrelevant stimuli during an attentibfiak task (Slagter et

al., 2007), irrelevant stimuli during a Go/Nogo task (Howells et al., 2012) or competing
alternatives during a Stroop task (Moore et al., 2012). When examiningl peacessing during
cognitive control tasks when errors are committed, the impact of mindfulness on ERP indices of
error monitoring and performance evaluation are mixed in the literature. While some studies
showed increased attentiveness to errors agedardth mindfulness, indexed by an increased
errorrelated negativity or ERN (Eichel et al., 2017; Saunders et al., 2016; Smart & Segalowitz,
2017; Teper & Inzlicht, 2013), other studies showed decreased or no change in the ERN (Bing
Canar et al., 2016;drson et al., 2013; Schoenberg et al., 2014). Similarly, some mindfulness
studies reported increased conscious processing or evaluation of error, indexed by a larger error
positivity or Pe (Schoenberg et al., 2014), other studies showed a reduced Pe €Laiso

2013) and even more show no change at all (lagar et al., 2016; Saunders et al., 2016;

Smart & Segalowitz, 2017; Teper & Inzlicht, 2013). While the number of mindfulness ERP
studies are quickly increasing, the precise neural mechanismsyumgidnle impact of

mindfulness on different aspects of executive function and cognitive control are difficult to
interpret due to large discrepancies in experimental design and their conflicting findings. For
example, some crosectional studies have exarad the impact of longerm mindfulness

practice in experienced meditators (Atchley et al., 2016; Teper & Inzlicht, 2013), while other
crosssectional designs have examined the impact of brief mindfulness induction in naive
meditators (BingCanar et al.2016; Larson et al., 2013; Norris et al., 2018; Saunders et al.,
2016), characterizing two extremes of mindfulness expertise and their impact on cognitive

control. Other electrophysiological studies have used expert meditators in a within subject design
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to examine changes to ERPs during meditative states versusnamakring states (Cahn &
Polich, 2009; Delgad®astor et al., 2013), while other ERP studies have operationalized and
measured mindfulness as an inherent disposition using psychometric assessceegorize
participants into groups of high mindfulness and low mindfulness based on a median split
(Eichel et al., 2017; Quaglia et al., 2016). These differences in experimental design highlight the
importance of carefully controlled longitudinailidtes that examine changes to
electrophysiological correlates of cognitive control, before and after mindfulness training.
Currently, longitudinal electrophysiological studies that investigate the effects of
mindfulness training on cognitive control arery limited. Of these few, no EEG studies using
ERPs: 1) establish a cognitive processing timeline using both stilocked and response
locked ERP components, 2) use an appropriate control group that contrasts components of
mindful attention regulatiorgr 3) use tasks that are designed to challenge cognitive control
demands. To our knowledge, no studies document both stiadkesd and respondecked
ERPs within a longitudinal design using a population of healthy younger adults. Although
Schoenberg al. (2014) examined the N2, P3, ERN and P3 before and after 12 weeks of
Mindfulness Based Cognitive Therapy (MBCT), they compared a clinical samipidiatiuals
with Attention Deficit Hyperactivity DisordefADHD) to waitlist controls during a Go/Nogo
task and found an increasedgo P3 amplitude and Pe amplitude poservention. While this
provides some evidence that mindfulnéssed interventions can increase conscious access or
processing of both stimuli and errors, without the inclusion of aneacontrol group, these
postintervention findings could be a result of practice on the task and may not generalize to

cognitive control mechanisms in nafinical populations.
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As an emerging field, this limited electrophysiological mindfulness litezaigo lacks
the use of appropriate control conditions to contrast and isolate the precise cognitive control
mechanisms that are distinct to mindfulness training. For example, some studies have compared
a mindfulness training group with waitlist controleevdo not engage in any training program
between testing sessions (Moore et al., 2012; Schoenberg et al., 2014), while other studies have
compared mindfulness training with active control groups who are engaging in activities ranging
from Pilates trainindgo brain training exercises and psychoeducational training (Incagli et al.,
2020; Malinowski et al., 2017; Smart et al., 2017).

Finally, it is not clear whether mindfulness practice always leads to enhanced cognitive
control performance. For example, vehd number of studies show that mindfulness training is
associated with improved cognitive control performar8teopp Allen et al., 2012; Chan &
Wollacott, 2007; Moore & Malinowski, 2009; Teper & Inzlicht, 2013; WStrmaz, 2005;

ANT: Tang et al., 2007Jha et al., 2007), other studies have found little to no behavioural
differences after mindfulness trainingtfoop Anderson et al., 2007; Josefsson & Broberg,

2011; Moore et al., 2012; Polak 2009; Semple, 2600T: Polak, 2009; Flanker: Larson et al.,
2013). One possible explanation for this discrepancy is that effects of mindfulness on cognitive
performance may not be observable unless task demands are sufficiently challenging. For
example, in a previous study we examined whether dispositional miedfupredicted

behavioural performance on an unmodifed ¢titnated)Digit Stroop task compared to a

modified (titrated)Digit Stroop task designed to increase difficulty and showed that dispositional
mindfulness, measured by the Mindful Attention Awarengsale (MAAS; Brown & Ryan,

2003) and the Fiv€&acet Mindfulness Questionnaire (FFMQ; Baer et al., 2006), significantly

predicted behavioural indices of cognitive control (decreased Stroop interference and increased
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accuracy), but only when task difficyltvas increased on the titrated variation of Dhgit

Stroop taskChapter Twd. Without varying demands on cognitive control, effects of

mindfulness on behavioural performance may not be observable, contributing to inconsistencies
in the literature.

Based on these findings and limitations outlined in the existing literature, in order to
examine ongoing neural activity in mindfulness meditators at the time of stimulus presentation
and response compl etion, it 6s timefinebytusingt t o e s
ERPs in a carefully controlled longitudinal design. The inclusion of an appropriate active control
condition is also necessary to isolate the specific effects of mindful attention regulation on ERP
markers of enhanced attention and ctigaicontrol. Finally, the effects of mindful attention
regulation on cognitive control may not be detected unless those underlying cognitive control
mechanisms are experimentally challenged.

Here, we aimed to capture an electrophysiological time cofiszgaitive control
mechanisms associated with mindfulness by examining both sthiagkesd and response
locked ERPs in a mindfulness training group and a novel active control group using a cognitive
control task designed to increase difficulty. Thigit Stroop task is a variation of the classic
colourword Stroop task (Stroop, 1935; MacLeod, 1991) where participants are presented with
an array of identical digits and instructed to correctly respond to the number of digits while
ignoring the identity oftie digits. In a recent longitudinal training ERP stu@idpter 3)ve
showed that mindfulness training was associated with multiple electrophysiological changes
underlying performance on tliEgit Stroop task including an attenuated N2 amplitude, delayed
P3a latency for incongruent stimuli, earlier P3b latencies and delayed ERN latencies, although

no differences in behavioural outcomes were observed between groups after training. These
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findings provide evidence that after two weeks of dailn#Qute practie, mindfulness training
can increase efficiency in conflict detection and monitoring of stimuli with varying degrees of
cognitive interference (attenuated N2 amplitude), delayed automatic capture of attention by
incongruent stimulus features (delayed R3ancy for incongruent stimuli), faster conscious
evaluation of all stimuli (earlier P3b latency), and delayed automatic detection of errors (delayed
ERN latency), relative to an active control group who engaged in guided visual imagery training.
Our indusion of an active control group designed to contrast mindful attention regulation
with passive attention regulation was fundamental in producing these novel results. Consistent
with formal mindfulness training procedures, our mindfulness meditationngaimstructed
individuals to focus their attention internally on the sensations of their breath; observing
distracting thoughts, feelings or sensations without judgment or elaboration:@inecteng
attention back to their breath. Our active contraiditon also presented guided training,
however, attention was oriented externally to the narration of a nature walk, where elaboration of
distracting thoughts, feelings or sensations was embraced with no explicgecgon of
attention to the narratioor visualization. Critically, both conditions presented a type of guided
meditation, so that the specific training offered by mindfulness meditation could be effectively
isolated. Compared to the passive attention regulation in guided visual imagengiriie
specific practice of sustaining focus, disengaging fdistractionsand redirecting attention in
mindfulness meditation was hypothesized to target cognitive control mechanisms and altered
neural activity associated with unique changes to ERKkens of attention and cognitive control.
In the present study, we aimed to replicate and extend our previous ERP findings by
examining the impact of mindfulness training on both behaviour and electrophysiological

mechanisms when the cognitive control system is sufficiently challenged. To vaapdieon
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cognitive control, we manipulated task difficulty by titrating stimulus duration to maintain an
accuracy level between 70% and 80%. By increasing task difficulty, we predicted behavioural
and electrophysiological outcomes after mindfulness traithiagreflect enhanced cognitive

control. Specifically, we hypothesized that the mindful practice of sustaining focus on relevant
task features (number of digits) would facilitate early sensory processing sensitive to selective
attentio® evident particuldy when task demands are challengecesulting in increased P1

and N1 amplitudes. In line with our previous findings, we also hypothesized that mindfulness
training would facilitate greater disengagement from task irrelevant featuresl@reity of

digits), reflected by attenuated N2 amplitudes, while decreasing automatic capture of stimulus
driven attention, reflected by a decreased P3a amplitudes or delayed P3a latencies, particularly
on incongruent trials, where there is greater conflict betweemnists features. We also

predicted that the deliberate disengagement of attention from task irrelevant features and
redirection of attention to relevant task features would lead to more efficient evaluation and
conscious processing of stimuli after mindfss training, reflected by decreased P3b

amplitudes and faster P3b latencies (faster processing time) compared to the active control
group. Finally, we also hypothesized that the deliberate disengagement of elaborative processing
and redirection of attetin t o pr esent task goals would facil
when errors are committed, leading to attenuated vigilance and conscious awareness of errors
after mindfulness training. Thus, we predicted decreased amplitudes or delayed lateneies in th
ERN and the Pe after mindfulness training. Although the impact of mindfulness training on
behavioural indices of executive function are inconsistent, we predicted behavioural outcomes
that correspond with the hypothesized electrophysiological changesaded with enhanced

cognitive control, including faster response times, greater accuracy, reduced Stroop interference,
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and decreased pestror slowing (PES). Additionally, we used psychometric mindfulness
measures to examine how sedported levels omindfulness change after training. By
manipulating task difficulty and comparing mindfulness training with a novel active control
group in a carefully controlled longitudinal design, we sought to isolate the unique effects of
mindfulness attention regulati on electrophysiological indices of early sensory processing,
conflict detection, stimuludriven attentional capture, conscious stimulus evaluation and error
monitoring.
Methods

Participants

Forty-six undergraduate and graduate students veeraiited from online advertisements
at McMaster Universityods Department of Psycho
were randomly assigned to either a mindfulness group or an active control group. Two
participants from the mindfulness group d&ngarticipants from the active control group dropped
out for personal or health reasons unrelated to the study itself. Therefore, final study enroliment
included 21 patrticipants (13 female) in the mindfulness group and 18 (14 female) in the active
controlgroup. Exclusion criteria included previous meditation experience, uncorrected visual
impairment, current or previous diagnosis of psychiatric disorders, neurological disorders, head
injury with loss of consciousness, or current use of psychopharmaailtogatments. Thus, all
participants were neurologically and psychiatrically healthy individuals unpracticed in
meditation. All procedures complied with the Canadiawdtincil policy on ethics and were
approved by the McMaster Ethics Research Board.

Procedure Overview
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This experiment was part of a larger longitudinal training study that consisted of a
baseline testing session, two weeks of daily mindfulness or active control training, followed by a
final testing session. The order of study proceduresigentical between the mindfulness and
active control groups and replicates the procedure from our previous(€tuayter 3)During
the baseline testing session, all participants provided written informed consent before completing
selfreport measuresd performing the preraining experimental tasks while EEG was
recorded. Participants were then randomly assigned to two weeks of daily mindfulness or active
control training (details below). Immediately after the tesision ofraining, all participarg
completed their podtaining testingsession while EEG was recorded, followed by {iching
selfreport measures amntkbriefing Each experimental session lasted ~3 h in duration and
included other measures not reported in this paper.

SeltReport Measures
Demographic Information

All participants completed a basic demographic questionnaire that surveyed age, level of
education and any previous meditation experience.

Mindful Attention Awareness Scale (MAAS; Brown & Ryan, 2003)

This measure consists b5 items designed to assess a core characteristic of dispositional
or trait mindfulness. All participants completed the validated scale using laikert scale
(almost alwayso almost never The scale has a singfi@ctor structure, resulting in a siegotal
score. The final score is computed by calculating the mean responses of all 15 items. Higher
scores indicate higher | evels of trait mindfu
automatically without beilfingl mgeslfaaoingthings withwdutat | a

paying attentiono (both reverse scored).
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Five Facet Mindfulness Questionnaire (FFMQ); Baer et al., 2006)

This measure consists of 39 items designed to assess five factors that represent elements
of mindfulness as it is etently conceptualized. It contains items from the Mindful Attention
Awareness Scale (MAAS; Brown & Ryan, 2003), the Freiburg Mindfulness Inventory (FMI,;
Walach et al., 2006), the Kentucky Inventory of Mindfulness Skills (KIMS; Baer et al., 2004),
the Cogitive and Affective Mindfulness Scale (CAMS; Feldman et al., 2007) and the
mindfulness Questionnaire (MQ; Chadwick et al., 2005). Baer et al. (2006) conducted an
exploratory factor analysis to identify five common subscales or facets of mindfulness:
Obsewing, Describing Acting with Awarenes$yonjudging of inner experiencand
Nonreactivity to inner experienc®bservingincludes noticing or attending to internal and
external experiences (such as sensations, cognitions, and emd@ieswgjbinginvolves the
ability to articulate internal experience with wordgting with Awarenes®fers to the attention
directed to observing on eNorgudging df innerEixpereersce i n t he
involves taking a nomvaluative stance towards thougatsl feelingsNonreactivity to Inner
Experiencaefers to disengaging from elaborative processing of thoughts or emotions that arise.
Sample items include: Al no®bseving t hel saxml §esodn.
finding words to describe nfye e | iDegribingd; (Al find myself doing
at t e nActwitmawareng¢sseverses cor ed) ; @Al think some of my
i nappropriate and Nbnjudgmgraverses norted)el and efin, op dr
feelngs and emoti ons wi t h dlaenteactivigvAill items atecatedenact t o
1i 5 Likert scale Never or very rarely truéo Very often or always trjeThe ratings are added

across each subscale to produce a total for each facet (rarmgm§ fo 40) as well as a grand
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total for all five facets (ranging from 39 to 195). Higher scores indicate higher levels of facet or
total trait mindfulness.
Freiburg Mindfulness Inventory (FMI; Walach et al., 2006)

The FMI is a 14item inventory designetb measure the experience of mindfulness.
Participants rate statements such as Al am op
four-point scale from 1 (rarely) to 4 (always). Scores range from 14 to 56 with higher scores
indicating a higher degrad mindfulness. The FMI was used as a manipulation check to
evaluate whether participants were engaged in a mindful state and whether this changed after
training (Zeidan et al., 2010).

Mindfulness and Active Control Training Sessions

Both the mindfulnesand active control training sessions consisted of daHgnRite
guided meditation sessions instructed by the same experienced instructor. Four of the sessions
were held in group format, while the remaining sessions were completed independently using
recorded video sessions. Eachparson group training session consisted of 2 to 10 people and
was distributed evenly across the tweek program. To maintain consistency over the two
weeks, the meditation instructor used the same mindfulness or activel sanpt for both
group and video training sessions. Consistent with formal mindfulness training procedures, in the
mindfulness training sessions, participants were instructed to focus their attention internally on
the sensations of their breath; obseguitistracting thoughts, feelings or sensations without
judgment or elaboration; and-dé&recting attention back to their breath. The active control
condition also presents guided training, however, attention is oriented externally to the narration
of a natire walk, where elaboration of distracting thoughts, feelings or sensations is experienced

with no explicit redirection of attention to the narration or visualization. Critically, both

132



Ph.D. Thesi8 S. Krishnamoorthy; McMaster UniversityPsychology, Neuroscience & Behaviour

conditions present a type of guided meditation, so that the speaifimg offered by
mindfulness meditation can be effectively isolated.
Materials and Apparatus

All stimuli were presented on a Pentium class computer with Presentations®
experimental control software (Neuro Behavioural Systems; version 14.3) emehlORT
monitor with a refresh rate of 85 Hz. The stimuli appeared in black;ssaifisiumerals in the
center of a grey background. Visual angle of
between left and right edges of the outermost numbers andgomt3o 4e vertically
and lower edges of the outermost numbers. A chinrest was used to maintain a consistent viewing
distance of approximately 80 cm between participants.
The Titrated Digit Stroop Task

TheDigit Stroop task is aariation of the classic Stroop task, used to measure cognitive
control and executive attention (Stroop, 1935). The task stimuli were strings of 1 to 6 digits
presented in the center of a grey screen. All digits in the array had the same identity4152, 3,
or 6) and the number of digits presented varied randomly. The digits were mapped to computer
keys along the bottom edge of the keyboard: A
represented digits 1, 2, sed@forrighthangdrespdnsesand vy, whi
represented digits 4, 5, 6, respectively. Participants were asked to respond as quickly and as
accurately as possible by identifying the number of digits in the string, while ignoring the
identity of the digits themselveB.or exampl e, the correct respons
(there are 4 digits) and is executed by press
congruent and incongruent trials. On congruent trials, the string length was equivadient to t

identity of the digit presented (e.¢4.he correct answer to N6 6 6 6
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trials, the string length did not match the digitidentéyg(,t he corr ect answer to
In between trials, a fixation cross (+) was digplh at the center of the screen for an Hrtiex

interval (ITI) that varied randomly from 400 to 800 milliseconds. On each trial, the stimulus

duration randomly varied from 800 to 1200 milliseconds and was titrated((tis) every 20

trials to maintairan accuracy level between 70% and 80%. For example, if mean accuracy

exceeded 80% on the last 20 trials, the stimulus duration of the next 20 trials was decreased by

20 ms to increase difficulty. Similarly, if mean accuracy dropped below 70% on thé® a2,

the stimulus duration of the following 20 trials was increasedty If participants were too

slow at responding to a stimulus (response time exceeded stimulus duration), a warning appeared
on the screen that r etastdifficilty was mataioed and ! o . I n th
participants were required to adjust the speed of response accordingly. The task consisted of

1080 trials in total (540 congruent, 540 incongruent), randomly presented in 20 blocks of 54

trials. To reduce blinking and geral movement that might interfere with taskevant ERPs, a
message appeared after every 10 trials indica
Brief breaks were also provided between each experimental block. Participants resumed the

experinent by pressing one of the response keys to start the next trial.
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Figure 1. Illustration of congruent and incongruent trial types presented during the modified Digit Stroop
Task. Inter-trial-interval (ITl) was randomized between 400 and 800 ms. Stimulus duration was randomized
between 800 and 1200 ms at the beginning of the experiment and was titrated (+/i 20 ms) every 20 trialsto
maintain accuracy level between 70% and 80%. The task consisted of 1080 trials (50% congruent, 50%
incongruent) randomly presented in 20 experimental blocks consisting of 54 trials.

Electrophysiological Recording
Continuous EEG activity was recorded from 128 Ag/Ag€ilpelectrodes with a
BioSemi ActiveTwo amplifier system (BioSemi, Amsterdam, Netherlands). Four
electrooculogram (EOG) electrodes were placed at the outer canthi and just below each eye to
monitor horizontal and vertical eye movemeiatsremoval of trials with eye artifactsTwo
additional electrodes, a common mode sense (CMS) active electrodel@rehaight leg
(DRL) passive electrode were also used. Thes
in conventional systems (www.biosemi.com/fag/cms&drl.htm). The continuous signal was
acquired with an open passband from DC to 150 Hz andzéidiat 512 Hz. The signal was
bandpass filtered offline at 0.1 to 30 Hz using a Hamming windowed FIR filter asferenced

to a common average reference. Bad channels were interpolated using the three nearest channels
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if the standard deviation of théannel exceeded 200mV before computing the average
reference. Offline signal processing and averaging were done using EEGLAB version 13.5.4b
(Delorme & Makeig, 2004) and ERPLAB versibrD (LopezCalderon & Luck, 2014). Infomax
ICA algorithm (Bell & Sejnowgki, 1995) was computed and artifactual independent components
or epochs containing artifacts.g.,muscle or eye movements) were removed manually after
visual inspection. EEG was segmented, binned and epoched3@@ms prestimulus to 900ms
poststimulus. A prestimulus baseline correction frofB00ms to-100ms was applied to avoid
correcting anticipatory potentials like the ERN. Stimdlusked and respondecked ERPs were
averaged in the time domain for each stimulus category (congruent vs. incdjdorezach
participant. Averaged waveforms for each participant were used to create grand averages for
each group, before and after training.
Behavioural and ERP Data Analysis

Response times were measured by calculating mean RT for congruent trials, incongruent
trials and total trials. Accuracy was measured by calculating proportion of correct trials out of
correct, incorrect and miss trials. Therefore, congruent accuracy veasirad by calculating
proportion of correct congruent trials; incongruent accuracy was measured by calculating
proportion of correct incongruent trials; and total accuracy was measured by calculating
proportion of all correct trials. Pastror slowing (PE) was measured by calculating mean RT
of correct trials following an error response. Congruent PES was measured by calculating mean
RT on correct congruent trials following an error, incongruent PES was measured by calculating
mean RT on correct incongmietrials following an error, and total PES was measured by
calculating mean RT on all correct trials following an error. Finally, the Stroop interference

effect was calculated by subtracting the mean RT on congruent trials from the mean RT on
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incongruentrials. This difference score was then used as a dependent variable in subsequent
analyses.

Visual inspection of the ERP waveform across electrode sites and stimulus conditions
revealed thathe time windows for extraction of the mean amplitude, peak amdpliand peak
latency for each ERP componenh€elP1 and N1 were best captured by small clusters of left
parietatocciptal electrodes (PO7 and PO5) and right pareteipital electrodes (PO8 and
POG6) Therefore, mean amplitude, peak amplitude and péakda were extracteand averaged
for left (PO7 and PO5) and right (PO8 and PO6) electrode clistensatime window of 60 to
120 msfor the P1 component and a time window of 120 to 220 ms for the N1 comp®dhent
fronto-central N2and P3averebest cafuredat electrode FChy a time window of 250 to 350
ms and 325 to 425 ms, respectivelyhe P3b was on average ~2860 ms after stimulus onset
and was maximally represented at electrode site Pz. Therefore, mean amplitude was calculated
using a time windw of 250 to 450 ms, while peak amplitude and peak latency was extracted
from a 200 to 500 ms time window to ensure peaks were captured during extraction. These time
windows are consistent with previous literature examining the P3b during Stroop task
perfaomance (Moore et al., 2012; Malinowski et al., 2017). The ERN and Pe were best captured
at the FCz electroday a time window of 50 to 100ms and75 to 300 mgsrespectively.

Results
SeltReport Measures

Independent sampleddsts were conducted &ssess differences between baseline

variables for the two training groups. At baseline, participants in the mindfulness and control

groups did not differ on any of the included variabkdbg values > .08% However, there was a

significant differencew Levened6s Test for Equality Ff Vari
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=783p= .008), which suggests unequtest(forwrequalances
variances) confirmed that the baseline Observe scores were not significantly differeanhe
another {(24.994) = .82p = .375].

Repeated measures ANOVAs willtoup x Timeas factors were conducted for the
MAAS, FFMQ, and the FMI to assess group differences across time of traieinG oup x
Timeinteractions). There was no sige#int main effect oiGroup, Time, or significantGroup X
Timeinteractions for the MAAS, FFMQ Total, FFMQ Describe or FFMQ Acting with
Awareness measures (plvalues > .071). There was a main effectTwhefor FFMQ-Observe
[F(1,37) = 16.16p < .001], FAMQ-Nonjudge F(1,37) = 7.69p = .009], and FFMENonreact
[F(1,37) = 7.83p = .008]. Both groups showed significant increase on the FHe&erve and
FFMQ-Nonreact facets, as well as a significant decrease on the FdW{pdge facet after
training. There \as also a significant main effect bime[F(1,37) = 14.57p < .001] and a
significantGroup x Timanteraction F(1,36) = 4.28p = .046] for the FMI scale. Pekibc
pairwise comparisons using the Bonferroni correction showed that FMI scores sigificantl
increased for the mindfulness group after training (from 31.14 before to 36.19 after, mean
difference of 5.05p < .001) but did not significantly change for the control group (from 32.56
before to 34.06 after, mean difference of 1{56,.241). They also showed that the mindfulness
and control group were not significantly different from each other begfore460 or after
training @ = .304). Therefore, both the main effectlaneand theGroup x Timanteraction was

driven by the significant increase of FMI scores after mindfulness training.
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Figure 2. Mean scores for each group across time depicted for (A) the Observe subscale of the Five Facet
Mindfulness Questionnaire (FFMQ), (B) the Nonjudge subscale of the FFMQ, (C) the Nonreact subscale of
the FFMQ and (D) the Freiburg Mindfulness Inventory (FMI). Overall, FFMQ-Observe (A) and FFMQ-
Nonreact (C) scores increased over time in both groups, while FFMQ-Nonjudge (B) scores decreased over
time for both groups. Only the mindfulness group showed significant increase on the FMI after training (D).
Error bars represent standard errors. ***p <.001

Behavioural Results

A series of 2 x 2 x 2 mixed repeated measu@©XAs with Group x Time x
Congruencyas factors were conducted for response times (RTs), accuracy and Post Error
Slowing (PES). 2 x 2 mixed repeated measures ANOVAs @ithup x Timeas factors were
conducted for total RT, total accuracy, total PES andtheop interference effed®osthoc
pairwise comparisons using the Bonferroni correction were conducted to interpret significant
interactions. Independent samples t tests were also conducted to assess baseline differences
between groups, which showed significant difference at baseline between the mindfulness

group and the control group.
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Response Time (RT)

Group x Time x Congrueneyixed repeated measures ANOVA revealed a significant
main effect ofCongruencyF(1,37) = 683.49p < .001, a significantnain effect ofTime F(1,37)
=216.74p < .001, and a significaf@ongruency x Timmteraction (1,37) = 78.98p < .001],
but no other significant main effect or interaction was observeq Yallues > .153). Response
times were significantly fastéor congruent trials than incongruent trials (main effect of
Congruencyand got significantly faster after training overall (main effecfiofe) Post hoc
pairwise comparisons of tli@ongruency x Timmteraction showed that RT significantly
decreased faboth congruent trials (from 542.75 ms to 503.55mns,001) and incongruent
trials (from 598.43 ms to 544.26 npss .001) but this mean difference was greater for
incongruent trials-64.17 ms) than congruent triak89.20 ms). The difference in RT between
congruent and incongruent trials (Stroop interference effect) was also significantly different
before trainingp < .001) and after trainingp< .001) regardless of group, as would be expected
for a Stroop task, but this mean difference was greater before tral®sgq ms) than after
training ¢40.70 ms)Group x Timeaepeated measures ANOVA for Total RT hadsigmificant
main effect ofGroup, F(1,37) = .62p = .438, or significanGroup x Timenteraction,F(1,37) =
.77,p = .386, but there was a significant main effectTiohe F(1, 37) = 206.39p < .001, which
showed the same pattern of decrease in RF &fiining. Overallas expectedgesponse times
were faster for congruent trials than incongruent trials and were faster after training. The
difference between congruency was also significant before andrafteng butgot smaller after

training.
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Figure 3. Mean response time (RT) in milliseconds (ms) for congruent trials, incongruent trials and total
trials (collapsed across congruency) organized by group, before and after training. Overall, RTs on congruent
trials are faster than RTs on incongruent trials, RTs decrease over time, the congruency difference between
RTs decreases over time and this difference is greater for incongruent RTs than congruent RTs over time.
Error bars represent standard errors.

Accuracy

Group x Time x Congruencgpeated measures ANOVA showed a significant main
effect ofCongruencyF(1,36) = 397.86p < .001, but no other significant effects were observed
(all pvalues > .058)Group x Timeaepeated measures ANOVA for Total Acacy also revealed
no significant effects (afp values > .340). Overall, as expected in a Stroop task, accuracy was

greater on congruent trials than incongruent trials.
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Figure 4. Accuracy depicted by proportion correct of congruent trials, incongruent trials and total trials
organized by group, before and after training. Overall, accuracy was significantly greater on congruent trials
than incongruent trials. Error bars represent standard errors.

PostError Slowing (PES)

Group x Time x Congruencgpeated measures ANOVA showeedignificant main
effect ofCongruencyF(1, 37) = 289.87p < .001, significant main effect dfime F(1, 37) =
142.75,p < .001, and significar®ongruency x Timeteraction,F(1, 37) = 9.05p = .005. No
other significant main effects or interactions were found (all givetues > .184). Post hoc
pairwise comparisons using the Bonferroni correction showed that PES RT significantly
decreased for both congruent trials (from 562.19 ms to 517s§2 < .001) and incongruent
trials (from 626.07 ms to 564.68 npss .001) but this mean difference was greater for
incongruent trials-61.39 ms) than congruent trialkgl4.37 ms). The difference in RT between

congruent and incongruent trials (Stroaferference effect) was also significantly different
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before training§ < .001) and after trainingp .001) but this mean difference was greater

before training{63.89 ms) than after trainingd6.86 ms)Group x Timeaepeated measures
ANOVA for Total PES response times had a significant main effedtioi F(1, 37) = 128.62,

p < .001, but no significant main effect @roup, F(1,37)=.32p = .577, or significanTime x
Groupinteraction,F(1, 37) = .02p = .897. As expected, pestror slowing for cagruent trials,
incongruent trials and total RT decreases after training (response time after an error gets faster
after training) and is slower for incongruent trials than congruent trials overall, regardless of
group. The difference in poestror slowingfor congruent and incongruent trials is significant
before and after training, but this difference gets smaller after training for both groups. Although

both congruent and incongruent response times after an error get faster after training, this

1 II
After

Figure 5. Mean response times (RT) in milliseconds (ms) for post-error slowing (PES) of congruent trials,
incongruent trials and total trials organized by group, before and after training. Overall, PES was smaller on
congruent trials than incongruent trials, and decreased after training for both groups. Error bars represent
standard errors.

difference is greater for incongruent trials overall.
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Stroop Interference Effect

Group x Timeepeated measures ANOVA for Stroop effect showed no significant main
effect ofGroup, F(1,37)= 2.13p = .153, or significanTime x Groupnteraction,F(1, 37) = .21,
p = .652, but there was a significant main effectimhe F(1, 37) = 78.98p < .001. Overall, the

Stroop interference effect significantly decreased after training.

Stroop Interference Effect

~
o

[o2]
(@}
—i

a
o

N w
o o g
——

Incongruent RT 8 Congruent RT (ms)

=
o

Control Mindfulness Control Mindfulness
Before After

Figure 6. Mean response times (RT) in milliseconds (ms) for the Stroop interference effect (the difference
between RT for congruent and incongruent trials) organized by group, before and after training. Overall, the
Stroop interference effect was larger for the control group than the mindfulness group and decreases after
training for both groups. Error bars represent standard errors.

ERP Results

A series of 2 x 2 x 2 mixed repeated measures ANOVAs @thup x Time X
Congruencyas factors were conducted to examine the role of each variable in the mean
amplitudes, peak amplitudes and peak latencies of the P3b waveform at Pz electrode site, the N2,

P3a, ERN, and Pe waveforms at FCz at the electrode ditmaxima of the bilateral P1 and N1,
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which were best captured by small clusters of left parataipital electrodes (PO7 and PO5)
and right parietabcciptal electrodes (PO8 and PO6).
P1 at PO7/PO5 and PO8/PO6 (60 to 120 ms)

The left and right P1 wavefims at the PO7/PO5 cluster and the PO8/PO6 cluster are
depicted in Figure %Group x Time x Congruen@®NOVAs revealed a significant main effect of
Groupfor the left P1 peak latenc¥(1,37) = 4.94p = .032] and the right P1 peak latency
[F(1,37) = 7.29p = .010]. Overall, P1 peak latencies were earlier for the mindfulness group than
the control group on both the left side (mindfulness left: 90.77 ms, control left: 98.12 ms) and the
right side (mindfulness right: 86.40 ms, control right: 95.03 ms). TWwere also significant
Time x Groupnteractions observed for the right P1 mean amplitéde,87) = 5.40p = .026]
and peak amplitudd=[1,37) = 7.95p = .008]. Poshoc pairwise comparisons were conducted to
interpret thelTime x Groupnteractions fomean and peak amplitude. Although there were no
significant comparisons for the right P1 mean ampliflidee x Groupnteraction (allp values >
.092), postoc pairwise comparisons for the right P1 peak amplifude x Groupnteraction
showed that themaplitude was significantly larger for the mindfulness group after training
[ mMi ndful ness before = 4. 4@=.044 suggesting dnhandech e s s af
sensory processing sensitive to selective attention after mindfulness trainisglifference did
not exist in the control group ( cperblyool befor
between groups beforp € .507) or after traininga(= .818). No other significant effects were

observed for the P1 waveform on the left or righe<@ll pvalues > .094 and .086 respectively).
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Figure 7. Top panel: Left and Right P1 and N1 stimulus-locked ERPs are depicted for both groups before
training. Bottom panel: Left and Right P1 and N1 stimulus-locked ERPs are depicted for both groups after
training. Left clusters: PO7 & POS. Right clusters: PO8 & PO6. P1 latency window: 60—120ms, N1 latency

window: 120-220ms.
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P1 Peak Amplitude
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Figure 8. P1 peak amplitudes in microvolts (uV) for congruent and incongruent trials organized by group
and hemisphere (left electrode clusters: PO7, POS5; right electrode clusters: POS8, PO6). Overall, there was a
significant Time by Group interaction in the right hemisphere. Post-hoc pairwise comparisons revealed a
significant increase in the right P1 peak amplitude for the mindfulness group after training (p = .014). Error
bars represent standard errors.
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P1 Peak Latency
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Figure 9. P1 peak latencies in milliseconds (ms) for congruent and incongruent trials organized by group and

hemisphere (left electrode clusters: PO7, POS; right electrode clusters: PO8, PO6). Overall, the mindfulness
group had a significantly earlier P1 peak latency compared to the control group in both hemispheres (left P1
peak latency: p = .032, right P1 peak latency: p = .010). Error bars represent standard errors.

N1 at PO7/PO5 and PO8/PO6 (120 to 220 ms)

The left and right N1 waveforms at the PO7/PO5 cluster and the PO8/PQO6 cluster are
depicted in Figure %Group x Time x Congruen®NOVAs revealed the same pattern of effects
for the left and right N1 mean and peak amplitudes. There was a significant main effect of
Congruencyor the left N1 mean amplitud&(1,37) = 8.72p = .005] and peak amplitude
[F(1,37) = 10.44p = .003] as wll as the right N1 mean amplitud&(1,37) = 10.45p = .003]
and peak amplitudd-[1,37) = 14.70p < .001]. There was also a significant main effect of
Groupfor the left N1 mean amplitud€(1,37) = 13.01p < .001] and peak amplitud€([1,37) =
8.69,p < .006], as well the right N1 mean amplitud€1,37) = 5.47p < .025] and peak
amplitude F(1,37) = 4.27p < .046] suggesting group differences in sensory processing

Overall, the N1 mean and peak amplitudes were larger for the incongruent thareooggls
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and larger for the mindfulness group than the control group in both hemispltasesuggests
greater sensory processing of incongruent trials relative to congruent trials and that overall, this
sensory processing was greater for the mind&drgroup in both hemispheres before and after
training There were no significant effects for the left N1 peak latency fadlues > .131), but

there was a significant main effecttmefor the right N1 peak latency(1,37) = 7.20p =

.011]. Overallthe right N1 peak latency was significantly faster after training (before = 160.01
ms, after = 156.89 mg,= .011).There were no other significant effects observed for the N1

waveform in the left or right cluster (gdlvalues > .148 and 93 respectiely).
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Figure 10. N1 peak amplitudes in microvolts (pV) for congruent and incongruent trials organized by group
and hemisphere (left electrode clusters: PO7, POS5; right electrode clusters: PO8, PO6). Overall, N1 peak
amplitudes were larger for incongruent trials than congruent trials in both hemispheres. The N1 peak
amplitude was also larger for the mindfulness group compared to the control group in both hemispheres.
Error bars represent standard errors.
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Figure 11. N1 peak latencies in milliseconds (ms) for congruent and incongruent trials organized by group
and hemisphere (left electrode clusters: PO7, POS5; right electrode clusters: PO8, PO6). Overall, the both
groups had a significantly earlier N1 peak latency in the right hemisphere after training. Error bars represent
standard errors.

N2 at FCz (250 to 350 ms)

The N2 waveform at the FCz electrode site is depicted in Figure 12. Mixed repeated
measures ANOVAs revealed significant effects for the mean amplitude, peak amplitude and the
peak latency within a time window of 250 to 350 ms. There was a significaneffedh of
Congruencyor the mean amplitudd=[1,37) = 17.73p < .001] and the peak amplitud&(lL,37)
=9.19,p = .004], which showed that overall N2 mean and peak amplitudes were larger for
incongruent trials (incongruent mean amplituide:. 1 1 ¢ yryent pealcamplitudé2.18
eV) than congruent trii@al7s7 (ecVon gcronemrtu édn@a mp eaammp
€ V, suggestingreater detection, monitoring or inhibitiona@dnflict on incongruent trials
relative to congruent trialhere waslso a significant main effect dimefor the mean

amplitude F(1,37) = 11.69p = .002], peak amplitudd-[1,37) = 11.11p = .002] and peak
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latency F(1,37) = 9.19p = .004], which showed that after training the N2 waveform had a

larger mean amplitud@efore:i. 6 5 ¢ WVil. a8t eNV) and pedk. anpd Vit ud
afterri2. 38 V), as well as an earlier pe&awsk | aten
suggests thatfter trainingboth groupshowed greater conflict detection, monitayior

inhibition of incongruent trials angere faster at processiegnflict, regardless of congruency

No other significant effect®r the N2 mean amplitude, peak amplitude or peak latemcyg

observed (alp values > .067).
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Figure 12. N2 and P3a ERPs are depicted at FCz for the control group before and after (left panel) and the
mindfulness group before and after (right panel). Overall, N2 mean and peak amplitudes were larger for
incongruent trials than congruent trials and larger after training for both groups. N2 peak latencies were also
significantly faster after training in both groups. P3a amplitudes were larger for congruent trials than
incongruent trials. Post-hoc pairwise comparisons of a significant Time x Group interaction for the P3a
latency also showed that after training, P3a peak latencies were significantly slower for the control group
compared to baseline (p = .045) and compared to the mindfulness group (p =.017). No significant differences
were observed in the mindfulness group after training.
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Figure 13. N2 peak amplitudes in microvolts (uV) for congruent and incongruent trials organized by group,
before and after training. Overall, N2 peak amplitudes were larger for incongruent trials than congruent trials.
N2 peak amplitude were also larger after training for both groups. N2 mean amplitudes showed the same

pattern of results. Error bars represent standard errors.
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P3a at FCz (325 toZb ms)

The P3a waveform at the FCz electrode site is depicted in Figure 12. Mixed repeated
measures ANOVAs revealed significant effects for the mean amplitude, peak amplitude and
peak latency within a time window of 325 to 425 ms. There was a significantefiect of
Congruencyor the P3a mean amplitude(lL,37) = 24.31p < .001] and peak amplitud&(L,37)
= 21.21,p<.001], where amplitudes were significantly larger for congruent (congruent mean
amplitude: .78 eV, congruent peak amplitude:
mean amplitude: .29 eV, incongr uenhnificgneak amp]
Time x Grougrossover interactionf(1,37) = 6.47p = .015] and a significantime x

Congruencyrossover interactionf(1,37) = 5.818p = .021] for the P3a peak latency. Rbst
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