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Over the past several years meditation practice has gained increasing attention as a non-pharmacological intervention 1o
provide health related benefits, from promoting general weliness 1o alleviating the symptoms of a variety of medical
conditions. However, the effects of meditation training on brain activity still need to be fully characterized. Sleep provides a
unique approach to explore the meditation-related plastic changes in brain function. In this study we performed sleep high-
density electroencephalographic (hdEEG) recordings in long-term meditators (LTM]} of Buddhist meditation practices
8700 mean hours of life practice} and meditation nalve individuak. We found that LTM had increased
parletal-occipital EEG gamma power during NREM sleep, This increase was specific for the gamma range (25-40 H2), was
0ot refated to the level of spontancous arousal during NREM and was positively correlated with the length of lifetime dally
meditation practice. Altogether, these findings indicate that meditation practice produces measurable changes in
spontancous brain activity, and suggest that EEG gamma activity during slecp represents a sensitive measure of the long
lasting, plastic effects of meditative raining on brain function.
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Introduction

Meditation can be conceptualized as a set of regulatory and self-
inquiry mental trining regimes cubtivatod for wvarious enods,
including the waining of well-being and psychalogical health
[1.2).[3). Accumulating cvidence suggests that moditation 1aining
induces functional and anatomical oeuronal chranges [1],]2.3].
These ncuruplastic changes are linked 1o changes in bekuvior

during cognitive and affcctive tasks [4,13]. The mvestigation of

spontancous brain adivity, at rest of during peactice, is a SENAUVC
approach to identify these neuroplastic changes. Some studics
found meditation-related increases in alpha and theta froquency
bands, particularly in fronal midline and pecfrontal areas, which
were associaled with increased redaxation [reviewed i [3]L
Another smdy showed that lopg-term meditators (LTM) had
high-amplitde  gumeoa band (2540 Hz) wecillations  during
mental practice localized to lateral fromal and pesterior parictal
dloctrodes bilaterally [6]. A gamma power incrcase in A pariecal-
eccipital region was also reparted in another grovp of 1TM during
Vipassasa mediration |7). wheress in 2 recent EEG study
muditation experts showed higher parietal-sccipital gamma pawer
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compared to novices during  resting wakefulness  precedang
meditation peactice [5].

An important question raised by these studics ® whether
enhanced EEG activity 5 st dependent (o2 occurmnyg only
during meditation and mmmediately after &), or trai dependent
{cg  ooourring outside of formal meditation peactice) [3]. The
larter would suggests that long-term meditation truning Causes
lasting neuro-plastic changes i cortico-takamic circuits, whach
should be detecred in the spoatanenus brain scwvity [9]. This
yuestion is difficult to address because meditation raining occurs
at multiple Gime-scales. For example it can happen miensively, as
during meditation retreats, or less imtensively but across 2 loager
period, as durig daily practice. Traming also occurs, in different
coptexts, cither during focasal practice, or when the practitioner
intentionally cultivates meditative qualitics within her/his daily
activities, Anather critical methodolegical fssuc is that resting state
in meditation cxperss may be an clusive concept. Indead, it is
possible thar during wakcfulness 2 meditator may spontaneously
enter a meditative state while at rest” as a consequence of his/her
level of raining. Flowever, during sleep bramm activity is directed
hy neither conscivus effort nor ateenton, bur rather reflects the
intrinsic lumsion of cortco-cortxal and cortico-thadamie circuits
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[10]. Thus, the cxaunination of deep EEG is an effective means 10
wentify individizal rrai differences in the brain unconfounded by
the effect of meditation on waking mentaton. [11].

The recent avaalability of hegh-density cloctroenceplualography
(hdEEG) has greatly enhanced the spatial resohition of standard
EEG recordings, thus allowing for better chaructenzation of Jocal
plastic changes [12],[13],[14),[15]. HAEEG swdics of slecp
rhythms, with good sparial and semporal resolution, are extremely
sensitive measures of changes o the actvily i corticotsalamse
circuits. For example, we previousy showed thar slow wave
paramesers, such as amplitade and slope, display kcal changes in
the brain in response to kearming [16].[17].[12]. Morcover, we
have demeastrated that sleep spindle activity B decreased in
schizopleenic subjects compared to controls [14]. Finally, zamma
pawer has heen shown to increase dunng NREM sleep in human
subjects following declaratve Jearming [18].

Here we performed whole night sleep hdEEG (256-channels) in
experienced meditators (LTM) and meditation nasve mdividuals
matched for age and sex. Even iff this is & correlative and not a
cavzal appeanch, it paves the way for snxdies on long term plassic
effeces of meditation on beain actvity m healthy bumans,

Materials and Methods

Participants

Twenty-nine nght-banded long-term meditmors (LTM, mean
age=507 + 104, 15 female] and a group of rwenty-nine
medization naive subjects marched for age and sex were recruited.
LTM had a hustory of daily meditation practice of ar Jemt 3 years
and had paricipated in ar Jeast 3 one-week intensive rerrears.
Mean duration of meditation training was 15.6 years (X 7.8, SDL
Nunve subjects bad no pecsviows experience with medization. All
LTM participants were proficient in meditaton practices, as
taught within the framework of Gther Therada or Tibetan
Buddhzms, These practices included rwo arrenrion based medira-
rions, which we referred to as open monitoring ((OM) and focused
atentuon (FA), a8 well as one compassion/loving  Kindness
medirarion referred to as mema meditation [1] [Table 1). Briedly,
FA meditation imvolves directing and sustaining attention oa a
sclected obpect (e, breathing), detecting mind wanderng and
disrractors (e.g., thoughes), as well as disengagement of attention
lrom distructors and shifting of the focus of attcntivn back w the
selected object. By contrasz, OM medization has no explicic focus
of attention, but rather roquires poarcactive meta cogritive
monstoring of wrything that & cxpericoced, s replacing the
"effortfial” selecrion of an object as primary foous with an
“efforthess" sustained awareness of the rich features of each
expericnos [1]. The practice of compasson/Qoving  Kinducss
meditation & a2 foem of concentration peactice where the
practitioner focuses has/her mand on the sulfering of vocsel’ or
athers and then on the wish thar the individual(s) in question may
w colleet the medical and psychitee lustory, cach subject
underwent a thorough in-person screening, which included several
quesbonnsires (vee below). Sleep-disordered breathing and seep-
redatad movement disorders were abso establshed//excluded with
in-laboratary polysomnagraphy [see bedow), All subjects provided
written informed consent and were instructed to maineain regular
deep-wake schedules in the week peeceding EEG nevordmgs. This
study was approved by the Instiutional Review Board of rthe
University of Wiscomsin-Madison,
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Local NREM Sleep Gammia Increase in Medtators

Study design

Al subjects underwent in-laboeatory BAEEG polysomnography
(PS(3) thar urilized 256 channel hd EEG (Electrical Geodesics Inc.,
Eugene, OR), as well s sandard sleep monitoring leads, including
cleceronculogram,  sub-mental  electromyogram,  electrocardio-
gram. bilateral obl electromyogram, ltxpmuurv inductanc:
plethysmography, pulse oximesry, and a pasition sensor. Partic-
ipants arrived at the laboratory between $:00 and 5:00 p.on for
set-up that 1ok approximarely swo hours. Baseline EEG and an
attention and a fear conditioning task were performed. Alter Ypm
e participants were allowed to sleep undisnurbed in the
laborarory beginning within one hour of their usual bedtme.
Additional measures were collected the pext diy. In tus report we
will focus valy v the EEG data during sleep.

Self reported measures
The sociceconomic status [SES) measure (Sociocconomic status
was mexsured with the Hollingshead Tndex of Social Position,
[197} was administered to assess the level of education. The Quick
of Depressive Symptoens [20] and the Symprom
Checklist-90-Revised [21] were collected o exclxde current
depression and other mental bealth issues. The cut-ofl for
exclusion was @ soore <2 for both questionmaires. Addirionally,
cach parricipant completed validated sleep rating scales, mcluding
the Insomunia Seventy Index (IST) [22], the Fatigue Scverity Seale
(FSS) [23], the Epworth Sleepiness Scale [24], a sleep history
questoanare, and the Stanford Slecpiness Scade [25] 1o assess for
sympioms of commaon sleep disorders, such as restless legs
syndrome and obstructive seep apaes. Thresholds for excdusion
were an ST =10 and/or an FSS >4 and/or an ESS >9.

Meditation Practice

I'TM had an average of 8762 lifettme hours of medstation
practice, ranging from 1,526 10 32,349 roral bhours. The
computation of lifesime hours of practice was based oa subjects”
reports of thar averuge hours of formal (siving and walking)
meditation practice per week, including rime spent on meditation
retreats (for details see Table 1L

Sleep PSG assessment and hdEEG data analysis

Slecp staging, which was based on six maswid-referenced
channels (F3, F4, C3, C4, Ol, and 02), 2 sub-pental cecuo-
myugeain and an cedrooculogrim, was performed by a registered
polysomnographic technologist in 30-second epochs according to
standard criteria [26] using Alice® Slecpware (Philips Respironics,
Murrysville, PA] The sleep technician was blind w group
assignment. PSG recordings were reviewed by o bourd certficd
sleep madicine physician, who was able 1w confiom the absence of
sleep disorders in 26 out of 29 LTM. Two LTM met the cimcal
critenia for sloep-related  movement  disonders (periodic limb
movement arousal index = 10/h), while one had deep~disordered
beeathing {spnex-hypopneas mdex = 10/h). As a result, dats from
these three TTM (a5 well as from rthe ages and sex- marched
meditation naives] were not further analyzed All-mught sh:cp
MEEG recondings were collected with vertex-referancing, wsing =
NetAmps 300 amplifier and NetStaton software (Elecrical
Geodesies Inc, Eugene. OR). EECG data were sampled
300 Tz, and a first-order high-pass filer (Kaiser type, 0.1 Hz)
was appled to elimanate the DC shaft. Dats were then band-pass
filrered (150 T12), down-sampled to 128 Fiz and average-refer-
enced to the mean power in all channels. Spectral analysis was
pedormed for cach i in sxesocond  cpochs (Wiekdi's
averaged modified periodogram with a Hamming window). For

August 2013 | Volume 8 | lssue 8 | e?3417



Local NREM Sleep Gamma Increase in Meditators

Table 1. Information about long term meditators’ (LTM) practice history: In our convention, Focused Attention meditation

encompasses concentrative practices such as Theravada Jhana, or breath awareness meditation.

TMW&MWMHlUQf-M Muan, £126; SD, 6066; Min, 1435; Max, 32613
Dally practice (Mean 50.5%, SD 28.6%) vs retreat practike (Mean 49.5%, SD 72.6%)

LTM's meditation lineagu type (N =26)

Maditation practices (%] Foomnd Attention meditation
V220, 33.0 50, 226

Thesavada (N=21)
Tibetan Buddhism IN< 21
Niand of the sbove, or of the above with Zen IN< )

Open Monitorng medtaton  Compessonslaving kndness medtationOther medtatons
Mean, $1.4; 5D, 235)

[Mwars, 14.0; SO, 10.3) (Mean, 18 S0, &)

Open Monitoring
Ao 10.1 371 Jourmal pone 007341 71001

NREM slecp data, a scmi-automaric artiface rejection was
conducted to remove six-seoond sleep epochs whach exceedad 2
Uueshold hased on the mean power at cither a low (1 4 7] or
high (20-30 Hz) frequency band [27],]28]. EEG channeks in
which artfscts affccted most of the recording were excluded. REM
sleep cpochs were visually analyzed and dvided in wnio and
phasic (i.e., characterized by rapid cve movemenss). To eliminate
artifacts distinctnvely observed during REM slecp (1e., mancle
twitches, eve mavements, boartbeats), independent component
analysis ([CA) was performed [28]. Afier removal of ICA
components, power spectral of tonic and phasae REM epochs
was compueed. We computed six frequency ranges [(delea: -
4.5 Hz, thete: 4.5 8 He, alpha: 812 Hz, sigma 12-15 Hze, beta:
15-25 He, and gamma: 25-4) Hz) comsstent with  previous
snudies from our lab [30]. In ocder w0 determine whether group
differences in NREM gamma acrivity were related to ncrcased
musele tone ar variaton in saccades, we comparad the pawer in
the pamma bend o oeck EMG and EOG derivations [30)
between LTM and mediration naive participants.

Sleep cyeles wene defined according to the moditied critersa [31]
of Feinberg and Iloyd [32] also conssstent with our previous
sadies [33].

Statistics

Diffcrences in clinical as well as sleep archutectun: variables
were examined wsing 2-ailal, unpaired tresss. Topographical
analysis was computad afier spatially normalizing each subjeet’s
wpogeaphy (zscore across all chanaels) within the frequency
bands of interest as a mcans W reduce between - subject varianoe.
Group differences in topagraphical NREM and REM decp
RdEEG power were assessed with statistical nop-paramerric
mapping (SnP'Af} using a supcathreshold custer test to idencify
sxgmbcanl groups of clerrrodes after accountng for the mulliple
comparsons due to the pumerous coctrodes [34]. Briefly, an
appropriate threshold t-value was chasen (1= 2, corresponding to
2=0.05 for the given degrees of freedom) belore topographic
pawer maps were randomly shuffled between growps (TTM and
meditation manve mdnvaduals). The size of the langess cluster above
the threshold for cach reshuffling was then used to create a duster
size distribution. Given the impracticality of computing all possible
combinations (£.96x 1014}, 50000 unigue combinarions were run
for cach comparisan in order to approximate the actual custer
distribution. The suprathreshold cluster pvalue was rhen deter-
mined by compurson of the true cluster size against the
approximate maximal chaster size distribution. Bonferrom correc-
tion of the p value was performed to account for the 18 reas
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medLlion eNCOMPasses practices such as Vipssana mediLation.

deriving from separately evaluating 6 different frequency bands
over the course of 3 distinet phases of sleep.

‘The magnitude of NREM sleep EEG gamma power differences
berween 1TM and meditation naive individuals was assessed with
the Coben's d, a measure of the effect sze [35]. We also performed
correlarion analysis betweoen duration of meditaton practice in
LITM and NREM seep EEG gamma power, as well as TST and
WASQ. Stadstical apalyses were performend using MATLAS (The
MathWarks Inc_, Narck, MA) and STATISTICA (StaiSeft Inc.,
Tulsa, OK). Non: ic sraristics were used (o asess group
diffrences in EMG, EOG, and global EEG gamma pawer
(Wilcoxon rank sum tesr), as well as to cormelate gaemrey power
with variables of interest (Spearsnan rank correlation). An cuther
subject was excluded from the carrelation between EEG gamma
power and hours of daily practice i LTM based on 2 sispected
over inflaton of daily practice (valuc above 1.5 mteryguartile ranges
from the 75th peroentile). Specifically, this LTM had the kst
amount of retreat tme comparcd with all the LTMs, bat the
highest amount of non-retreat hours.

Results

Demographics and sleep variables

The LTM and the meditation nanve groups were marched for
age and sex (see Table 2). Addirionally, the groups did not differ in
clucation level, as assessed by the sociocoonomic sans queston-
naire {Lable 2). LTM had a significantly reduced total sleep ime
(TST) a5 well as an increased wake afer sleep anset (WASO)
compared 1o mwediation naive subjects (Table 2) These sleep
parameters did not show a correlation with daily meditation
practice. By contrass, the two groups did not differ in decp onset
latency or in the relative e (% of TST) spent in each sleep stage
and did not differ in the member of arcusals (Talde 2)

LTM had higher NREM sleep gamma power compared 10
meditation naives in a parietal-occipital brain region

We finz checked for global, frequency non-speafic differenoes,
by comparing the absolute averuge power across the spectrum
between the groups. This analysis revealed no difference between
LIM amd meditaion naive individuals (p=00%). We then
forused on local, frequency specific effecs. Whoele mght NREM
sleep EEG power was topographically compared heoween LIM
and meditation maives by s;nnal}y normalizing cuch subject’s map
1o the average power m six [requency ranges (el 125 Hz,
theta: 48 Hz, alpha: 812 Hz, sgma; 12-15 He, bera: 15-
25 Hz, and gamma: 25—40 Hz). A frequency specific increase in
EEG gumna power was found in LIM. Whercas NREM sleep
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gamma power in boch LTM and meditation naives was stoaguest
in frontal/prefroatal arcas, and weakest in the temporal regions
bilaterally (Figure 1, top row), L.TM showed higher relarive EEG
gamma activity in a parietal-occipital region compared 0
meditation naives (Figure 1, bottom lefi). Suprachreshold duster
analysis, a saristical pon parameTrc mappag Lot [SaPM) which
corrects for the multiple comparison problem resulting from the
mumerous mdividieal electrode tests inherent in hdEEG analysis,
confirmed that a pasicto-occipital cluster (N=39 eloctrodes)
showed sgnificantly higher relative gamma power in L™
w medingon nanve subjecss (SnPM, p=0.002
Frgurc 1, botrom right). Ths resule survived Bonferroni correction
for the 18 tests derived from scparately evaluating 6 different
frequency bands aver the course af 3 disunct phases of deep
{p=0.05/18 = 0.003). Therefore, we wanted to check whether this
tapographical increase in gamma power was parallcled by a
difference in the pog-normalized gamma power between groups,
We found a paricto-occipital cluster (N=46 electrodes] largely
averlapping the normalzecd custer, that showed significandy
higher absolute gamma power in LTM compared to meditation
naive subjects (SaPM, p ~ 0.036). We alio examined whether this
result was comsistent across the nighe and lownd sicilar resales in
the first three NREM cyeles, although the magninsde of the result
in the firt NREM cycle did not survive multiple comparison
coerections after nocmalization (SaPM. normalized dara, cycle 2:
N = 20, p=0.012, cycle 3= N =350, p=0.002; absclute dimta, cyele
1: N=37, p=0.0250, qcle 2: N=44, p « 0021, cycle 3: N=54,
p=0.020,. Similar results were obtained when hreaking down
NREM Ly stages into N2 and N3, with only N2 surviving multple
comparisnns corrections after normalization (SoPM, noemalized
data, N2: N=23, p=0.010; absolute data, N2: N'=49, p = 0.019,
N3, N=51, p=0.014. We suspect thar the low values of gamma
at the heginning of the night a5 well as during decp NREM sleep
make it diflficuls 1o appreciate a difference berween groups auwd
thercfore the effect 3 cvident but Jess robust during the: times.
We found no gamma power difference in cither the clecro-
myographic (EMG) ur eectronculographic (EOG) derivations
between the ™wo groups (p=0.389 and p=0.493 rospecuvely)
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Table 2. Clinical and sleep variables of subject groups.

Long Turm Meditators Maditation Naive

N=26]  (n=28)
Clinical Variables p values
Ag= 494 + Qs 470 + 108 ns
Gencer V) 1412 1812 ns
Sleep Variabies
Total sleep Sme (in) 3685+ 5135 M8 L 253 0.001
Slewp oaset uengy” {min] 1.0= 1535 86 + 107 N
REM onset latency™ [min} 10562 6382 107332 4704 ns
WASO® (min) TN+ 408 435 ¢+ 134 0.003
NREM N1 (W) 110L 57 97 £ 54 ns
NREM N2 (%) &3+ 75 &a3r 100 ns.
NREM N3 () 107 68 90 =95 ni.
FEM (% 10 53 10 49 ns.
* g cnse RTency Is defined as the time from the beginning of ights cut wncd the first staged epoch other then wake.
‘ﬁMomMyk«MuhmﬁmMoﬂmuﬂhrﬂmn‘Mmm
* WASO = wake after sleep ormet.
dot10.1 37/ joermal pone 007341 7 2002

(Table 2), suggesting that the local gamma mercase was not
artifactual. SaPM topographic apalysis found no sgnificant
differences betweoen the two groups for the other Gve frequency
Tanges,

LTM NREM sleep gamma power correlated with
meditation training

To further chasacrerize the gamma increase at the individual
subjees level, we calculared the aversge NREM gamma power of
the pasictal-occipital dusser for cach subject. The average cluster
difference in gzamma power herween groups was 35% (Figure 2,
Jeft panel} and the becween group (Coben’s d wa 0.8
corrasponding to a large offect size [more than 50% scparatvn
becween LTM and meditation names). We next investigated
whether the chuster gamuma power was significantly correlated with
the overall duration of meditation practice. We found a significant
correlation between purietal-occipiml NREM gamma power axd
daily medstation practice, but pot remreat tane (rho=0.475.
p=0017, and rho=0.029, p=0.887. for daily practice and
rereas time respectivelyl. As gamma power in LTM was
corrclated with age (rho=0487, p= 0012}, we farther tested
whether the age of meditaton msive individuals predicied also
EEG ganma power, but no corrclation was found (rhe = - 0.035,
p=0.866). For cach group there was abso no correlaton betwen
gamea power i the cluster and the signilicantly different gocp
architecture vasiahles (TST, tho= —0.195, p = 0.339, tho =0.267,
p=0.156; WASO, rho=0170, p=0408, rho= 0319,
p=0.112, for LTM and meditation smive individuals, respective-
Iv). Thus, dadly practice was the mast sensitive prodicsor of the
correlarion with gasuna power activity.

REM sleep gamma power did not differ between LTM
and naives

“T'o assess whether the ganma increase of ETM was specific for
NREM sleep, topographic EEG analysis of REM sleep was also
performed. As previous Bterature has suggested functional
differenocs between tonic and phasic REM, we scparated thes:
mwo REM sleep parterns in our ausalysis [36),[37],[38]. Both wonsc
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LTM NREM Gamma Meadtaticn Naive NREM Gamma

Z-8COore

Zescore

LT ve Meditation Naive

t~value
Clugtar {N = 31) p = 0,002

Figure 1. Long-term practitioners (LTM) had higher NREM gamma power [25-40 Hz) compared to meditation naives in 4 parietal-
occipital region. As shoan in topegraphic color plots (colorbar in pV’), both groups had maximal EEG gamma power in frontalprefrontal regions.
Turthermore, LTM showmed 3 35% gamma power increass in a parietakocipital region compared to maditation naives. The pink ares in the white
lopographic plot depicts the paremal cccpital electrode cluster (N = 39) with & sagnificant power increase in LTM {p—0.002, Statistical non Paramatric
Mapping, SnPM).

doz 10,137 1jowrnal pone.007341 7.6007

8

(=]
b
[z/.n) mwod swaet N

[
[=3
N
)
.

-
\
o~
o
N

. L TM
I \ecation Nama

3000 S000 2000
Hours of Dady Meditation Practice

Figure 2. NREM Gamma increase in LTM red to maditation naives had a large effect size (ES=0.8, Panel A), and was
significantly correlated with the length of meditation daily practice (rho = 0.475, p=0.017, Panel B).
dor10.137 1/jowrnal.pone 00734176002
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and phasic REM gamuma power peaked in 2 frontal/ peefronc as
well as in a parieto-occipital region m LTM and meditation naives
(Figure S1}. SNPM analyscs revealed no topographical differences
in any frequency band in REM sleep between the two groups,

Discussion

By peddorming slocp hJEEG (256 channels) recordings in this
study we found thar LTM had increased panctalocapital EEG
gamma power during NREM slecp compared to meditaton
matves, This inceease was specific for the gamma frequency range,
was not found during REM slecp, and was positively correlared
with the length of daily meditation practce.

The LTMs recoeded in rhis snady were experienced in Focused
Amention (FA), Open Moaitoring (OM), as well 25 loving
kindness/compassion maditations. An increase in gamma aczivity
was recentdy demonstrated in expert Buddhist  practitioners
(10,000 howurs of practice) during a style of mediation which
contains fearures of both Joving kindness/compassion and OM
meditations [39]. Comparad w a group of novices, the expert
pracitioness showed seffinduced, higher-amplitude, sustaned
EL(G gamma-band oscillations, cspecially ewer lateral froneal-
prictal clectrodes, while meditaring as well as in the resting statc
immediacely preceding and lollowing meditation [6]. Notably, a
link between higher gamma-hand ntmmy and stronger cogaitive
controd has been reported Ly @ vasiety of human clectrophysio
logical  veckusigues, im-luling magnetoencephalography (MEG)
[10], scalp EEG [#1], and divect cortical recoedings [42).
Furthermore, a recent EEG smudy has found that LIM had
increased gamma power in a parictal-occipital arca comparcd (o
meditation paive individuals during resting srare, as well as during
meditation practice as compared to baschne [8]. Based on these
findings. the authors concluded thar enhanced posterior EEG
LANNR POWer Was 2 state (meditaton-related), and to some same
extent trast (restang state associated) fearure of meditation practice.

Here we established thar ITM had higher EEG gamma power
oner an excended period of spoatancous brain activity [Le., whale
mght NREM slecp) compared 1o meditarion naive individuaks.
This parietal-occipital gamma increase corresponded to a karge
ellect size (ES = 0.8, allowing more than 50% separation berwern
meditation experts and naives). These findings strongly suggest
tut changes in EEG gamma acriviry relared to meditation
practice are trait (in add@ton to state) related Comparng the
activity of maditation experts and novices during an unamhbiguouas
resting condirion % a challenging task [5]. Thxs 1 because
expenienced long<termn meditation expents are usually able o
blend formal meditaton session with daily B, and that a
meditator maght spontancously generate a meditative state while
at rest in the lab our of demand characreristic. In this regard, deep
provides an exquisite window to explore the spontancous brain
acriviry as well as the function of neural circuits at rest. Brain
activity during sleep does nol reguare conscows elfort or ateention,
and a condition of phvsical immobiliry is ohrained for several
bours. Morcover, the recently avadable combination ol standard
palysomnagraphy with hdEEG, which peavides enhanced spatial
and temporal resolution, offers the oppormnity to analyze in
greater detals NREM/REM slecp activaty s well as 10 observe
local changes in brain function due t nearoplastcity [43],]16].

Daily practice and meditation retreat could contribute differ-
encly to the neuraplasric changes induced by medirarion. For
instance, meditation frequency (days per week with meditation
practice) has recently bocn shown 1o reliably predict both higher
mindfulness and psychological well-being [£4]. In this stady we
showed that the dady practice, but not the retreat time, predicted
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the parictal-occipital gamma acrivity during NREM secp m
LTM. The differential effect of the mpount of dadly practice and af
retreal e oo Jocalizadd NREM gamma acrivity is to our
knowdedge the first indication of a speafic effect of constant
meditation daily practice, but not of intensive retrear practice, on
brain neuroplasticity. On onc side, Utus Oodmg raises some
methodological Bsues about how to quandfy meditation practice.
sugpesting the pocential uscfilness of dafferentially investigating the
contribution of retreat time and daily practice on behavioral and
physiclogical measures. On the other side, it cohances rhe
elfectiveness of our approach i revealing seable (trais-like) cfiects
on brain functioning induced by prolonged taining during

In the present study LTM had a significantly reduced total socp
time (TS1) and increased wake after slecp onsct (WASO)
comnpared o meditation naive individuak. A reduction in IST
has been recentdy reported by another docp study in LTM [15],
and it mdicates thar medization pracrice may decrease sleep nocds.
However other studies [45.47] mvestigating slocp architecture
didn’t find a reduction of TST, suggesting that the shecp
architecure is noc the most reliable parameter to study the effect
of meditation on newronal plasticity during sleep. Consistent with
this idea, we did not find a carrelation between the changes in any
traditional polysomnuographic secp parameters and meditaton
practice.

Only 2 handful of studics so far lsave lvestigared the deep FEEG
activity of meditation experts heyond sleep architecture. One of
these smadies explored EEG dilferences in thirteen indissduals wirth
at least 2 vears of meditation expesience during Traussccudontal
meditation [IM; a lorm of meditation different from thar explored
i the current snady), resring wakefulness, drowsiness, and docp
and found a progressive showing of the main EEG l'rcquonr) fram
wakefulocss o sleep, with no appreciable changr in power
between wakelialness and meditation EEG [48]. The anthors also
analyzed the EEG actvity of meditation practitioners auxd of
meditation naave coatrol subjects during resting wakefulness, and
found no difference in power but a Sight gowing in the mean EEG
frequency of the pructitooers; bowever, they did nor compare the
sleep EEG of these two groups [48]. Another study found thae
eleven Joag term TM practtioners had increased thera-alpha
power during slow wave sleep compared to nine short torm
practitioners as well as coven expersenced practitioners [19]. TTere
we found no difference in theta-alpha EEG power between LTM
and meditation maive individuals during NREM deep. Differences
in style of meditarion practices may account for the discrepancy of
these findings. Furthermore, wheress we servened participants for
sleep disorders and performed PSG recordings during the fisst
hdEEAS night. the LTM recorded by Mason et al. did not undergn
such sereening, An EEG partern of alpha wave in delta wave slecp
(alpha~delta sleep) 3 commonty reported e mdividuals with sleep
duturhances, including restless leg syndrome |50] and sleep apoea
|51], and is assectated with increased arovsability and ligheer seep
[52]. Noaably, their [TM spent a significandly higher amount of
time in light (N1) NREM sleep, while we found o difference in
N1 between LTM and meditrion naive indissduals [45]And
finally, the type of meditation practice exammined in the current
study differs froen the practice studied in these other srudies.

Wt is the funcrional meaning of the gzamma increase in LI'M
that was found here during NREM slocp? A bage body of
evidence from animal and human recordings have suggested thut
Famma-frequency actvity s unplicated duning wakefulnes in
plasticity-relared processes, inchading artention, Jeamning. as well as
both warking and long-tam manory [55). For instancs, an
wcrease i gamma activity occurs when sensory stimuli are
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amended [54], as well as during the active maintenance of
reprcscntativas during working memory tasks [35],[56). Severd
snxdies employving EEG, MEG and inrracranial EEG recordings
have also shown that gamma-frequency activity dunng encoding
predices suecessful formarion of longterm memory [57],[58].
Litle s sull known abowt the funcbonal signsficance of gamma
acrivity during sleep. In this study we found 2 gamma power
mmm:dnauunupmdunng\u{t.\lsl:cpmanlp
region overlying pasterior parieral and ocripiral cormical areas. Our
Ending is m bne with the reocnt report off Viakderrama et al., which
suggested a funcrional significance for gamma cacillations during
NREM sleep in humans [539]. A possible confound in the snady of
gamma activity i the presence of muscular or ocular arufacts in
the scalp EEG. However, we found no difference in neck EMOG
and EOG guwmna power between LTM and medstation naave
individuals. This result therefore swongly indicares that such
artiliscts do not contnbute sgmaficantly to our finding.

Previous studies have reported an increase i Got-froguency
activity during sleep in pathological conditions such as schizo-
phircuia, depeesaon and iscennea [BU],[61],[62]. Thus mcrcase has
heen associated with abnarmalities in the arousal mechanisms
[62]. However, this functonal interpretation of gamema activity &
not warranted for a number of reasons. First, we did nor find a
greap difference in arvusal. Our linding was specilic to spatally
normalized gamma activity, Furthermore, the wpography of the
currcat [chng over panctal-ooapitsl dectrodes duflered [room
those earlier findings. Finally inter-individual variabiliry in gamma
mumymmxgnxdnmnpwu&uddmh meditation expenience
in life, which has been found o peedicr paositive mental health
outeoenes [4+2],]1]. Instead, we speculate here the specilic gamma
I rease o ool ]nlhnlogkn\l, bt reflects the lm-l-mg, ]bl.u: effect on
speaific neuronal circuits of Jong-term meditation practice. For
intanae, the pasieral conex los been implicated in directing the
focus of attenton on a specilic object [63]. a cognitive <kll
perfected by arrenrion-hased mediration [1]. The finding of higher
whole might NREM gumma power @ LTM compared to
meditaton vaives could therefore reflect an increase in activity
and connectivity within these neuronal circuits due to extensive
weditaton rmining, Consistent with this assumpuca, bere we
established thar NREM deep Famma band power correlazed with
the duration of daily medization peactice in LTM. This finding oot
oaly confirms a previows report from oar group that the amount of
EEC gamma power genceated during meditation by LTM
carrclated with the kength of thar meditation training [6], but
also 3ugeeats that EEG gamana activity during slocp miay repecant
a trait-like sensitive measure for the necuronal plasic changes
determined over e by meditative taining,

The mercas: in NREM slecp parscto-occipital gamma power
reportexi here could ako reflect an enhanced actwvity of the
underdying coetical areas in TTM comparal 1o medstation smives
Higher EEG gamma power refleces higher firing rates of the
underlying neuronal populasions [64], and local changes in
gamma ocillations closcly mirror underlying aczivity in bach
sisual [65].[66] and parictal defauk network-sssoctated cortical
regicns [67],|68]. During NREM sleep both neuronal firing and
gamng power eod W decrvase, s does the ability w prooos
sensory information [69),[70]. Thus, a higher gamma activity in
LTM could reflect a partally maintained capacity ol paricto-
occipizal sensory and defanlt netwark-associared areas o process
mlormmaton and maintain wome kevel of awarcoess, even dunng a
state when usually rthese cognitive funcrions are greatly impaired,
Comsistent with thus wdea, o higher incidence of dream reports has
been found in meditation compared to meditation paives
even during the deepest stages of NREM deep [71]. If expenienced
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meditators  rerain a higher capacity for internal  information
processing and awareness during NREM sleep compared @
moditation namves, such advantage shoukd be reduced during REM
seep, when these funcrions are parrially restored and spontancous
neuronal firing/gamma activiry is enhanced compared o NREM
decp [72]. In this study we found that LTM had ondy a slight, non
significant increase in REM sleep EEG gamma power compased
to meditation paives in the same parictal-oocipital regioas (Fgure
St).

Limirations of the smdy inchade a lack of an adapearion nighr,
which could account for the truncared deep tme (< 7 hrs) in all
participants, but it i unlkely w0 explain the observed group
difference in the sleep EEG. Furure work will also need 1o address
some of the questions left unanswerad in the present saxdy. For
example. the relatonshap lound here between higher EEG garmena
actvity and longes edstation daily peactice suggests Uit gaomena
power is a good correlate of meditation training. This correlation
shoukd be confinoed in longitudinal studies performing EEG
recoedings in meditation naive individuals before and  after
meditation training, ¥ieally using only one snle of mediadon
practice, Tt will abso be important o wvestigate whether the
olserved gamma increase may be affecred hy  pre-existing
“haseline” gamma activity ditferences betweesn groups (ie.,
meditation experts and nanes), as peovicusly suggested  [6).
Camma acrivity has been shoswn to be influenced by several
factors, including age [73], sex [74], and cognitive abalities [75].
Howcever, these fctors are unlikely o have contributed w0 e
present findings, given thar LTM and mediranion naive subjects
were matched for age, sex, and did not dffer in education level.
Future studics shoukd investigate whether the group difference in
NREM gamma acriviry in medirators is associared ro a specific
meditabon practce (c.g. mundfulness meditabon vs. compassion
meditation) oe style of meditation training (e.g, Tibetan Boddhism
vs. Theravada Buddhism]. Specilically, investigating the acute
clfect of an mtense meditation session in LTM oo slecp EEG
pateras could help in establishing a cavsal relationship herwern
meditation training and specific changes in EEG activity. Imally,
luture experuments combimning DRI with sundiancous WdEEG
will e critical o filly characrerize the cortical {and pessibly sub
cortical) networks underlying the enhanced NREM slecp EEG
gamena activity found in ths study @ meditaion experts, whereas
smadies investigating the healing effects of meditation interventions
couki explore the abilty of EEG gamems power o prodict a
LeneBoal effect of such imerventions. This work would conrribuze
1o idensifv the neural circwits underlving the EEG comrelates of
meditation training. It will also help to ostablish whether EEG
g actvily represenls a sensitve and obgective mcasure of the
effeers of meditative pracrice on brain function in bath healchy
suhjects and brain disordered paticnts

Supporting Information

Figure §S1 REM tonic as well as phasic gamma power
did not differ between LTM and meditation nxives.
Topograplue color plots showed maxinsal REM tonic as well as
plovsic gamma power in frontal/prefrantal regions in boch groups.
Compared 10 meditation naives, L'IM had a slightly higher power
m the same parnicto-occipital region significantly more active
during NREM sleep, which however failed to reach signilicance in
bath toaic and phase REM (white topograpluce plots, p=0.973,
and p=0810, SuPM), Ounly the wnic REM opographies are
shomm,
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