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Abstract

Neurofeedback (NF) is a versatile non-invasive neuromodulation technique. In combination with motor imagery (MI), NF
has considerable potential for enhancing motor performance or supplementing motor rehabilitation. However, not all users
achieve reliable NF control. While research has focused on various brain signal properties and the optimisation of signal
processing to solve this issue, the impact of context, i.e. the conditions in which NF motor tasks occur, is comparatively
unknown. We review current research on the impact of context on MI NF and related motor domains. We identify long-term
factors that act at the level of the individual or of the intervention, and short-term factors, with levels before/after and during
a session. The reviewed literature indicates that context plays a significant role. We propose considering context factors as
well as within-level and across-level interactions when studying MI NF.

Introduction

Learning new motor skills, improving existing motor skills
and re-learning weakened or temporarily lost motor skills
requires repeated practice. This practice can have many fac-
ets, spanning the whole spectrum from predominantly physi-
cal processes to purely mental processes. Some of the most
prominent variants include (attempted) motor execution
(ME), observation, mirror therapy and motor imagery (MI).
The effectiveness of each of these variants in sports perfor-
mance and rehabilitation is largely uncontroversial. It has
been critically noted, however, that variants that fall into the
mental end of the spectrum miss feedback on performance,
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a keystone for directed learning and adaptive cortical reor-
ganisation [1]. A promising solution to this problem is the
use of brain-computer-interface (BCI) technology to pro-
vide neurofeedback (NF). NF, a closed-loop system, involves
measuring an individual’s brain activity, analysing the data
in real-time and feeding it back to the same individual in
an intuitive format. Table 1 provides short explanations of
terms and concepts central to MI NF. Like sensory feedback,
NF can guide subsequent mental and physical processes.
The systematic evaluation of any behavioural gains induced
through MI NF practice is generally impeded by the simplic-
ity of applied movements [2—4]. This is because these move-
ments must be suitable for the limited movement capabilities
of the clinical target population of paretic stroke patients and
must also be appropriate for informative NF. In studies with
healthy individuals typically overlearned movements [2—4]
can be expected to lead to only small or even not measurable
behavioural gains through practice. However, several clini-
cal studies did show behavioural improvements following
MI NF practice for these movements (for a review, see [5]).
More complex movements may increase the level of dif-
ficulty, but may not be transferable to rehabilitation setups,
or lack everyday relevance.

Despite numerous technical advances at different points
in the NF loop (e.g. online artefact correction, advanced spa-
tial filters, multi-variate classification), which without doubt
improve the online signal-to-noise ratio, huge intra- and
inter-subject variabilities remain. Understanding the cause(s)
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Table 1 Key terms for motor imagery neurofeedback

Key terms

Motor Imagery

Motor imagery (MI) is defined as mental representation of a particular motor act without observable motor output. Many different forms of
MI exist, such as implicit MI and explicit MI. In explicit MI, individuals are asked to imagine a specific movement or action. In implicit MI,
individuals are not instructed to imagine a movement but they receive tasks that require the use of MI. A further distinction is made based
on the nature of the mental representation. For kinaesthetic M, individuals are asked to imagine the feeling of a particular motor act, while
visual MI usually targets eliciting a ‘mental video’. MI can be performed from the first- and third-person perspectives. MI NF focuses on
explicit, kinaesthetic MI from the first-person perspective, as this combination is characterised by a greater enrolment of the sensorimotor

network and holds thus greater potential for motor rehabilitation

Neuromodulator/neuromodulation

Neuromodulators alter brain activity. Mostly used when an external source is the cause of the modulation, such as brain stimulation, neuro-

feedback or pharmacological interventions
Neurofeedback

Neurofeedback (NF) and brain-computer-interface (BCI) enable both a direct connection between the brain and an external device. Moreover,
both consist of three modules: data acquisition and data processing, the interface and the user. Despite these similarities and the fact that NF
and BCI are often used interchangeably, they depict slightly different concepts. In line with the original definitions dating back several dec-
ades, NF is to be user-centred, while BCI is application-centred. Consequently, a system with the aim of changing abnormal brain activation
patterns is classed as NF, whereby a system with the aim of steering a device (e.g. a cursor or a wheelchair) is classed as BCI

SMR

Sensorimotor rhythm (SMR) refers to activity in the mu (8—12 Hz) and beta (13-30 Hz) frequency range stemming from sensorimotor areas.
During cognitive-motor tasks and movement execution SMR activity typically decreases before and during the act, known as event-related
desynchronisation (ERD), and increases afterward, known as event-related synchronisation (ERS). Most MI NFs are based on SMR ERD.
Motor learning has been associated with changes in both ERD and ERS

underlying these variabilities is key to further improve NF
success and thus the learning, improving and re-learning
of motor skills. Technical factors that could account for
these variabilities have been investigated in depth. Here, we
focus on what we call context factors. The Webster-Meriam
dictionary defines context as ‘the interrelated conditions in
which something exists or occurs’ (https://www.merriam-
webster.com/dictionary/context). Borrowing from this basic
definition, we define context as the interrelated conditions
in which (NF) motor tasks occur. Context factors can be
relatively stable and long-term in that they cannot or would
normally not change for an intervention period. Long-term
context factors can be subdivided into factors regarding
the individual (e.g. age, gender, personality or capability
to perform the movement) and factors regarding the inter-
vention (e.g. social context, environment, NF implementa-
tion, see Fig. 1). Context factors can also be short-term in
that they can change from session to session (e.g. time of
intervention in relation to time of sleep, circadian rhythm,
nutrition, physical exercise or interference tasks) or even
within a session (e.g. state motivation, attention and stress,
experimenter gender). In this narrative review, we will give
a brief overview of recent literature on such context factors.
We will put special emphasis on MI NF, with the NF based
on spectral neural signals measured with the electroencepha-
logram (EEG, see Table 2 for a summary of references from
2017 onward). Yet, despite the focus on MI NF, most context
factors will be equally relevant for related domains.

CONTEXT

Fig. 1 Levels of context factors and their interactions. Differentiated
is between long-term factors (dark blue) that act at the level of the
individual or of the intervention, and short-term factors (light blue),
with levels before/after and during a session. Factors can interact
within levels (arrows top left) and between levels (arrows top right).
Examples for interactions could be ‘Experimenter gender’ and ‘Acute
stress” within level, and ‘Declarative interference’ and ‘Acute stress’
between level. MI NF is under the influence of both, individual fac-
tors, and the consequences of within- and between-level interactions
(bottom arrows)

@ Springer


https://www.merriam-webster.com/dictionary/context
https://www.merriam-webster.com/dictionary/context

Current Behavioral Neuroscience Reports (2021) 8:90-101

92

a3uex Kouanbaig eydye oy
ur uey) o3uer Kouanbaij vloq
9y ur pasunouold a1ow are
S109JJ9 9SAY [, "UOIBOYISSE[O
I19Y31Y pue (Y JUS)ISISU0d
Q10W pue 123U0MS SPAIA
Yorqpasy oandosorrdord
“[oeqpa9J [ensia 0} paredwo))

saInseaw
[BULISPONO[Q PUE ‘[BIIFO[OT
-sAydomnoare ‘TeInoraeyaq ‘9An
-o0[qns ur JuSWIPOqUId puey
9110q01 JO 109y9 Funowold

SQINSEAW JIWeUAPOWaY
pue (T Uoom)eq punoy
QI9M SUONR[A1I0D UOIE[NPOU
jueoyIusIg “synpe 123unok
pue I9p[0 Y)oq Ul AJIATIOR
PIB[2I-YSB) PAOUBYUD JN
DHH "S}[npe 1op[o Ul postfe
-1oJe] SS9 o1oM YqH Pue YA
a3e pue A391eNnS
Jo Apuspuadapur Ayianoe
PIB[OISB) PAOURYUS IN
D "SOIOBINOIE UONBOYISSE[D
paonpal pue uonesIyeIale|
PIONPAI PoaMOYS SINPE IOP[O
PAIYSIYSTY
st oouewiojrod N [N 10}
sireny Kyijeuosiod pue sanIfiqe
eneds jo oouejroduwr oy,
911100 A[SUons
JOU PIP SAINSBAW JIA JUSISHIP
oy} ur douewIojdd "IN TN
105 A)IqR J1oy) utejar sjuaned
jsour “aoxs Jayje parredwr
2q Keur sonIIqe [l YSnoyiy

KoeIndoe uoneoyIsse)

“(ZH9Z-91 ‘ZH €1-8) AJd

Koeanooe uor
-edyisse) ‘(zH S7-01) @dd

¥49H ‘O49H ‘(zH 0¢-8) A¥d

Koevinooe
uonedYISSe]d ‘(ZH 0€—8) A

KoeIndoe uoneoyIsser)

Koeinooe
uoneoyIsse|d ‘(zH 0¢-8) A¥d

(Aop—12) (uowom ¢) 01 =N

(A0€—07) (uowom 6) ST=N

(KL°s=as) £9'z9=uesw
(uswom 1) 81 =N P[0
(AL 7=as) &'y =uesw
(uowom g) 6] =N :To3Unox

(ALg=as) AL'z9=uvow
(uowom 61) 9¢ =N 19PI0
(ALz=as) kg-eg=ueaw
(uowom g1) 6¢ =N :ISunox

(K2’ 1=qas) £¢'17=uesw
‘(uowom ) 81 =N

(ALL=as) K109 =ueow
(uowom ¢) OZ =N :[01U0D
(k6’6 =0$) A1"65 =ueaw
(uawom ¢) OZ =N :9ons

uonejuowdwr JN

uonejuswordwr JN

AypeuosIiog

wojrad 03 Lyiqede)

(uorxay

To3uy-moy) [N WS 10 YoT  [eT1] LIOT & 10 IysiaTe

(uorsuaIxe
—UorXaly) TN PUey-1ysry [e0T]1910C 'T& 12 unelg

UOHUIALAJUL :S10JODf WA2)-SUOT

(suononpqe quiny)

payeadar) [IAT IS 10 o] [6] LT0T 'Te 12 yo1Z

(suononpqe quiny) pajeadar)

TINL PUey-Jy3i1 10 4397 [8] §10T T2 10 Yo1Z

(yuedronred oy Aq uasoyd

ST JuaWAAOW) Il PUBY-1o] [L] §T0T 'Te 30 1ounag

(uorsudIX—-UoI
-Xofj) TNl PUey-1ySLI 10 -)Jo] [9] L10T 'Te 15 uneig

pnp1aIpul :$1019Df Wad)-SUoy

Surpuy utey

2Inseall dueULIOJIdd

(a3e ‘#) s100[qng

J[qeLIBA/I0}OR] 1XJUOD)

3se) urejy 0UQIJOY

000¢ 01 S10¢ woi sroded N JIN JO Arewwuns pue mIIAIAQ ¢ d|qel

pringer

A's



93

Current Behavioral Neuroscience Reports (2021) 8:90-101

sAep 3ururen
9011} JOA0 JSBAIOUT AOBINOOE
UONBOYISSE[O PUB UONESIE
-191e] QYH “SIUSWUOIIAUD
911 ATrep ut Sururen) yuenbaiy
pue Arenb-ysiy sajqeud
DHH °[qour pasifenpIAIpu]
uroned HFH pasi[eIdle] e
im Suofe 03 A[LIessaoou jou
pIp uroned TN} posI[eIale] e
SBAIOUM ‘SBAIE JOJOWLIOSUDS
[eI0)e[eTJUOD A} UT UOTJBATIOR
TN Yim s9re[aLIod (TIH
KiAnoe pueq €)oY} pue
©)aq 9jowa1 Jo Jurpdnoo [euon
-ounj pue ‘UONE[NPOW ©)aq Ul
Aypiqerrea 1omof ‘[iiys 1oysy
SPIAIA Yorqpa9) aandadoridorg
uoruedwod JuruIes] € Wolj
Jyouaq 9rdoad snowouoine
-uoN ‘uoruedwod urured| e
noym dnois o) pue Ym
dnoi3 oy usamiaq JJIp J0u
pIp AoBINOOE UONBIYISSB[D)
pueq e1oq pue eydle
) ur AJTANO9UU0D Jr1ayds
-rwoyenur feuorsaisdr ur jsax
Je saSueyd oy} YIIM Paje[al
-100 syuowesoxdwr YA
*21098 I 9Y) UI 9SBIIOUI
jueAS[aI A[TRoTur e Sur
-AQryoe Jo Ayiqeqoid 1oysiy
Apueoyrugrs e sey dnoi3 AN

@4 193uons

© POP[OIA UOTIIPUOD YOTyMm

Surpre3al sOOUIAYIP [enpIA

-IpUI-IJUT 9[QBIAPISUOD Inq

‘UOTIPUOD 1OSN-J[TUIS ) pue

uonIpuod Jsn-nnw aAannad
-WO0J AU} UAIMIAQ DUAIIYIP ON

Koeanooe uor
-eoyIsse[D ‘(zH 0¢-8) A¥d

KoeInooe uoneoyisser) ‘A
-Anoe TYIAJ ‘(ZH 0€-8) a¥d

Ky1Anoou

-uoo feuonouny ‘(zH $¢—1)
ayd ‘Aoeindooe uoneoyIsse[)

KorInooe uoneoyISse[)

(ewrwre3 ‘ejoq 1oddn ‘ejoq
Jomo[ ‘eydre ‘e1oyy) 1sa1 e
K)1A1IOOUUOD pue AJIATIOR
KIOJe[[10S0 ‘o[e0S oyons
[)[eH JO 9)mIIsu] [eUOTEN
‘yISuans s[osnw 10y 9eds
[10UN0Y) YoTeasIY [BIIPIA
UOWISSISSY JOAIN-[SN]

(zH 0¢-8) A¥4

(AZ¢—81) 1°ST=ueo
(wowom 1) 9T =N

Ky z=as) £6'¢z=uesw
(uowom 1) yZ=N

(A1°¢=as) A8 ¢z =ueow
(uowom ) 11 =N

(K9 1=as) £’ 17 =uesw
(uowom $1) =N

(KLT1=0as) £9'65 = ueow
YI=N

:dnoi3 [onuod axjong
(A8 =as) AT p9=urow
VI=N

:dnoi3 N oyons

(6'7=As) L6y =urow
‘(wowom ¢1) ST=N

(Surdde) 103uy [en
juowuoIAug  -uanbas puey) [\ WS 10 1]

(Surdde) 103uyy 1en
uonejuow(dwr JN -uenbas puey) [z Y31 10 1Jo]

uonejuowrdwr JN (Suruado) TN puey-1ySTY

(yuedroned oy Aq uasoyd

[e100S ST JUQWISAOW) [JA] PUBY-}Jo]

(Surdse13 ‘uorsuoixo

uonejuow(dwr JN  I193uy) [N pPueY-1YSLI IO -1Jo]

[LISN TN Supiesm

[91]1 €T10T e 19 YIZ

[e01]1 ST0T TR 10 YIIZ

leesT] STOT
1ySeqereyn pue oroynA

(11 020T T8 12 SN3[IId

[e€T] STOT T8 10 LLIOWOI]

[21] 020T 'Te 10 ne[Soeq

Surpuy utey

2Inseall dueULIOJIdd

(a3e ‘#) s100lqng

J[qeLIBA/I0}OR] 1XJUOD) yse) urejy

0UQIRJY

(ponunuoo) zsjqey

pringer

A's



Current Behavioral Neuroscience Reports (2021) 8:90-101

94

MIAS @rendardn

01 9[qe J0U sIouAWLIdXd

Srewaj i syuedronred

J[ewoj A[UO SUOTIBUIQUIOD

19pua3 juedronred/ropuad
1uowradxs 9qqrssod [e JO

ssa13o1d uo douanpur

aanrsod aaey s1uownIadxd

Q[ewoJ Jey) UOT)BOIPUT SSUNI

1970 ssa13oi1d pue ‘1opuad

1ouowriodxe ‘ropuoed juedion
-1ed uoamiaq uonorISIU]

SUOISSAS JUIUAAD pue FuruIow
01 paredwod uoouIalje 10y
sonpea xopuy juswadeduy,
pue Jomod pueq (e19q pue

nul Jou InQ) BUIWES PIsealou]

Pa109Jjeun Sem QOUBULIOY
-12d 1Dg auruo o[IyMm ‘romod
QUI[oSeq oNPAI UOISSIS [DY

aY) 210§2q ‘syutip A1e3ns

suni N 9 ssoxe (zH G|
—Z1) Jomod YIS UI aseaIou]

9—¢ SUnI N $S0Ioe
KoeINdOE UONIBOYISSE[O
paySrom-Ayirenb jo ssar3oig

XopuJ Jusuwadesuyg

(zH 06-5¢

‘0€-C1 *TI-8 (L~ ¢-1)
Kyisuop [enoads 1omod

(3021109 pIfeA JudoI1ad)
doueurioyrad [Dg QuIuUQ

10U Inq ‘SYULIp pareuIagye)  (zH 97-01) DHH s Sunsoy

doofs pue eouaIayIoIUT QAT
-eIe[odp Aq parejeun sem (g

suorjouny Jojow qui-raddn jo
JuowaAoIdwWI [edTUTO [enue)s
-qns ® pue AJLI3)ul I9)eUl
IYM PISBAIOUI PIMOYS OS[.
a8ueyd TeUONIOUN JUBOYTUTIS
e i Juened ayJ, “syuoned
9011} [[e Ul SuruTes) YAoM-INoy
9} JOAO PISI[EId)E] AI0W
Qwed9q puey pjdje Y} Jo
AL £q paonput L1anoe HFY

(zH 0¢-8) A¥4

Adonostue
[euonoely ‘KNIANJR [YINJ
‘(ZH 0€-8) Q¥4 “motarysg

(Az¢=ds) Agg=ueowr

‘(uowrom 8%) THT =N Iopua$ 1ojuowrrradxy

(Ag'6=(QS) K67 =ueow

(uowom 67) 6S=N Iopuad royuawrradxyg

Kgg—g1 o5uex

(uswom 1) yE =N WAy uRIpROI)

(KT $=Qs) Agg=ueow
(uowom 17) 97=N
(Ag'¢=(Qs) AGg =ueow
(uowom 1) ¢§=N

uonInnN

QOUQIRJIAIUIT SATIEIR[D(T dod[S

(K96 16
‘[uowom] A12) ¢ =N :9jons

juowuoniAug  Iomod) [N puey-1ySiI 10 13

SIY) QASIYOE 0} MOY UO
suononnsur oy1oads ou ‘req [z2]
Yoeqpasy Jo 1yStay Sursearouy 810T 19903 pue poop
JUSUWIIAOW
paurSew ay) Uo SUONILNSAI
INOYIIM SIUSWOAOW pUBY
-1J9[ pue -3 Jo TNl 4q Teq
}orqpady Jo yi3ua Jursearou|
SI) AIYOE 0) MOY UO
suononysul oyroads ou ‘req
¥orqpesj Jo 1Sty Sursearouf [12] 610T e 10 20y
UO1SS2S D SULIND :S10JODf ULL1)-110YS

(Sutaem
‘Suimory ‘Surdsess [eyuowr [oz]
*8'9) [IN puey-1yS11 10 -)JoT  £]0T [ 10 so[nodoAInop

(Pa1eIS JUSWAOW
oy1oads ou) A[snooue)nuirs
TNl Puey-JySLI pue 1o se
[[oM Se J]A puey-1yS1LI IO -1Jo]
Surddey
Io3uly [N puey-1ySu 1o -)Jo] [81] 00T 'Te 10 ne[Soeq
UOISSIS D A2)[D pUD 2.10f2q :S1010Df ULID}-110YS

[61] L10T T8 30 Susy

(dug
[LT] L10T Te 10 Yo1Z

Surpuy utey

2Inseall dueULIOJIdd

(a3 ‘#) syo0lqng J[qeLIBA/I0}OR] 1XJUOD)

yse) urejy 0UQIRJY

(ponunuoo) zsjqey

pringer

A's



Current Behavioral Neuroscience Reports (2021) 8:90-101

95

Long-term Factors: Individual

Normal aging is accompanied by anatomical and functional
changes and MI NF performance is no exception to this. Older
adults perform MI as vividly as younger adults [23-25]; how-
ever, MI quality [24] and accuracy of estimating temporal
and spatial characteristics of MI are altered (explicit MI: [8,
9], implicit MI: [26]). These age-related behavioural changes
are accompanied by neurofunctional changes, i.e. more wide-
spread and symmetric activity in older adults [27], which are
in line with the HAROLD model [28]. Similar results could be
observed for MI NF [29, 30]. Moreover, when the neural feature
which serves as the basis for the NF is subject to age-related
changes the MI NF performance is likely altered as well [29].

Regarding gender, while men show better target abilities in
gross movements [31], women are better in fine movements
[32]. MI NF comprises mostly small hand movements, which
is why women might have an advantage. However, MI NF
comprises additional mental and technical elements that can
have an effect. Regarding the mental element, for MI, no gen-
der difference has been observed [7, 25]. However, regarding
the technical element, it has been found that control beliefs
while dealing with technology [33], which are generally higher
in men [33], correlate negatively with MI NF performance
([34], but see also [35]). Witte and colleagues interpret their
findings as follows: individuals with strong control beliefs try
harder to control the NF and thus activate potentially interfer-
ing resources. This is in line with a finding on personality traits
indicating a negative relationship between MI NF performance
and tension [36]. The same study reported that MI NF perfor-
mance was positively related to self-reliance and abstractness.
However, the correlation between personality traits and MI NF
performance was too small to justify the inclusion of personal-
ity traits in the prediction model for MI NF performance [37].

Expertise and capability to perform the to-be-imagined
movement constitute further context factors. Compared to
experts, novices recruit additional resources during MI ([38],
for reviews, see [6, 39]), which has been linked to increased
cognitive demand [40]. In healthy individuals, short-term limb
immobilisation led to selective impairment of MI ability [41,
42]. Post-stroke some studies found M1, in general, to be altered
[43, 44e], while others found specific aspects of MI to be
altered [12, 14] or no alterations [16, 17]. Interestingly, Braun
et al. [44e] found that although MI abilities may be impaired
after stroke, most patients retain their ability for MI NF.

Long-term Factors: Intervention
The number of individuals participating in the same session

constitutes its social context. Although practicing in a group
has several advantages, MI NF is traditionally conducted

alone and only a few studies investigated the effect of social
context on MI NF. Initial reports suggest that, compared to a
single-user and a competitive multi-user condition, a collabo-
rative multi-user condition is generally more enjoyable and
motivating [45]. However, inter-individual differences exist
concerning which social context yields stronger neural activ-
ity during MI NF [10e]. Considerations on the importance of
social context have inspired the development of a personalised
emotional agent for NF [11e].

MI NF is primarily conducted in laboratory-based environ-
ments. While this instigates methodological rigour, MI NF at
home enables, regarding the context factor environment, famil-
iar surroundings and no need to travel. These are key elements
of the so-called home advantage, which has a positive effect in
sport and probably also for MI NF. While technical aspects of
laboratory- and home-based settings have been compared [3]
the impact of the context factor environment on MI NF success
has not been formally studied yet. Despite this gap, MI NF at
home gains popularity [15ee], probably also because it is less
cost-intensive, more inclusive and enables more frequent and
more ecologically valid training [46].

While some aspects of the NF will be adapted on a session-
to-session basis (e.g. spatial and temporal properties of the
extracted EEG signals, classifiers for the NF), the overall NF
implementation is likely to be constant throughout the training.
While MI NF can be based on nearly any recording technique
or combination of techniques (so-called hybrid approaches,
e.g. EEG-fNIRS, EEG-fMRI), EEG-based NF is most com-
mon. Crucially, for EEG it has been shown that not every
individual will show the neural feature which serves as the
basis for the NF. These cases would likely benefit from hybrid
implementations or a complete switch of recording technique
[47]. Regarding the feedback modality, proprioceptive NF
yields stronger and less variable task-related modulation in
power than visual NF [13e, 48]. This is in line with the notion
that realistic and embodiable NF (robotic hand: [49]; virtual
environment: [50]; electrical stimulation: [51]) is advanta-
geous. For both, visual and proprioceptive NFs, it has been
shown that positive feedback is preferable [52, 53].

Short-term Factors: Before and After
a Session

It has been suggested that experience with a given movement
is necessary for correct and vivid MI [54-56]. Yet, often,
novel movements with which participants have only lim-
ited experience are used (for a review, see [57]). In a recent
study, we aimed to evaluate the effect of extended ME prac-
tice in a visuo-motor task. We did not find evidence that ME
practice leads to a stronger subsequent MI-induced ERD of
the same movement in comparison to no prior ME practice
[58]. This contrasts with previous studies reporting priming

@ Springer



96

Current Behavioral Neuroscience Reports (2021) 8:90-101

effects (ME on MI: [56]; MI on ME: [57, 58]), which we
currently interpret, as an indication that already rather small
differences between setups can lead to deviant or opposing
findings. To only name two aspects which may have pre-
vented measurable behavioural and neural gains following
MI [58] in our study, we did not include a preparation phase
before the beginning of each trial, and the motor task was
slightly more complex than in other studies. Further research
is necessary to shed light on the specific relevance of these
and other factors for MI NF.

Sleep is a key component for the offline phase (i.e. after
practice: [59, 60]) of motor learning, improving and re-
learning (for a review, see [61]). Several studies on motor
skill acquisition have shown beneficial effects of sleep fol-
lowing motor skill practice on subsequent motor perfor-
mance (for an extensive review, see [62]). However, this
well-established finding was challenged lately, for instance
by evidence that supposedly sleep-related performance
gains are not exceeding performance levels already achieved
shortly after a practice session, e.g. [63—-66]. This ‘early
boost’ may represent an offline performance gain, and can
be measured around 5-30 min after motor (imagery) practice
and then declines over the next 4-12 h of wakefulness [18,
67, 68]. More recent studies indicate differences regarding
the practice modality, that is, MI or ME and task complexity
for gains following a night of sleep. Freitas and colleagues
found no offline gain in ME performance after combining
ME practice and sleep, but when MI practice was followed
by sleep, ME performance further improved compared to
performance right after practice [69]. MI practice resulted in
an additional performance increase after sleep compared to
consolidation over the day but only for a complex movement
sequence [70]. The finding that the effects were restricted to
the complex movement is partially in line with recent find-
ings on MI NF performance on a simple MI task that neither
indicate the presence of an early boost nor of sleep-related
performance gains [71]. Interestingly, in contrast to the rela-
tively rich body of research on sleep, the impact of sleep
deprivation on motor performance remains unclear [72].

In addition to the effects of a full night of sleep, daytime
naps have also been investigated lately. For ME practice,
Backhaus and colleagues found that short daytime naps did
not have a positive impact on offline learning and sleep-
dependent consolidation for both explicit motor sequence
and motor adaptation practice tasks in older adults, but
rather led to performance deterioration [73]. In contrast, a
daytime nap after MI practice was found to improve motor
performance [74]. Debarnot and colleagues [75] found
adverse effects of subsequent declarative interference, that
is, of performing tasks drawing on declarative memory,
on the positive effects of MI practice on ME, both over
intervals of sleep and wakefulness. Adverse effects have
been reported to be less sustainable for ME practice, where
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motor consolidation is impaired by declarative interference
over wakefulness but recovers over a period of sleep [76].
However, no evidence for any adverse effect of various
verbal and non-verbal declarative interference tasks on ME
task performance was found in a more recent study [77]. In
line with the latter, we found no evidence for any impact
of declarative interference on MI NF performance, neither
over wakefulness nor after a night of sleep [71].

Circadian rhythm and chronotype have been studied for
ME, MI and MI NF. Scheduling practice sessions accord-
ing to athlete’s circadian preferences yielded significantly
better ME performance [78]. Also, learning new movement
sequences in the morning induces an increase in corticomo-
tor excitability in the primary motor cortex that is absent
when learning new sequences in the evening ([79], but
see [80]). For MI time (i.e. time to imagine a given task)
and MI chronometry (i.e. temporal congruency between
ME and MI), Debarnot and colleagues found modulations
based on circadian rhythm, but rather unsystematic and
task-dependent [20]. This finding was supported [81] and
extended to the factor motor imagery quality [82]. In an MI
BCI gaming paradigm significantly increased gamma, but
not mu and beta, band power and increased ‘Engagement
Index’ values have been reported for afternoon compared
to morning and evening sessions [83].

Insights on the role of nutrition/food intake on motor
performance come, for instance, from fasting: while two
days of strict fasting in obese women had no effects on
handgrip strengths and psychomotor coordination [19], a
period of Ramadan fasting reduced agility, speed and reac-
tion time performance for male tennis players [84]. This
is in line with a recent meta-analysis showing that dehy-
dration impairs performance in tasks involving attention,
executive function and motor coordination when water
deficits exceed 2% body mass loss [85]. Moreover, while
caffeinated drinks, but not sugary drinks, before the BCI
session were found to reduce baseline power in the mu
and beta frequency range, online BCI performance was
unaltered [86].

Physical exercise unrelated to the motor task under
investigation expedites motor learning, improvement, and
re-learning and learning-related neural activity [87, 88].
This also holds for the MI SMR within the mu frequency
range [22]. Furthermore, a progressive muscular relaxation
(PMR) intervention before MI NF was found to boost NF
performance [21].

Short-term Factors: During a Session

Across a wide range of domains, it has been shown that
in experiments with humans, experimenter gender can
have an influence on experimental findings [89]. Little
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surprisingly, this also holds for MI NF. Wood and Kober
[90e] trained male and female participants by either male
or female experimenters and found that female participants
trained by female experimenters did not show a gain in the
NF signal. Another study however indicated an overall
positive effect of female experimenters on MI NF perfor-
mance in male participants, and mixed effects of experi-
menter gender on performance in female participants [91].
Thus, though in general, women seem to perform better
with male experimenters and vice versa [89], for MI NF
performance, the direction of the effect appears less clear.
A factor contributing to the latter could be how the pur-
pose of the NF session is—inadvertent or intended—per-
ceived by the participant, i.e. as technologic or therapeutic
[90e]. The generally seen opposite-sex performance bene-
fit has been attributed to an aggregation of moderate levels
of psychosocial stress and the heightened reward potential
of opposite-sex interactions [92]. The findings by Wood
and Kober [90e] and Roc et al. [91] are both partially in
line with this. Recent evidence from the motor learning
domain underline however that also detrimental opposite-
sex effects can occur [92, 93], indicating that in some set-
ups, psychosocial stress levels induced by opposite-sex
experimenters can become so high that performance drops.
Acute stress, experimentally induced through pain and
social evaluation, has been found to reduce performance
in implicit but not in explicit MI [94]. As MI NF relies on
explicit M1, it can be expected that it is also sensitive to
acute stress, though this has not been tested yet. For motor
learning, effects of acute stress have also been reported,
but with diverging outcomes. One recent study, inducing
stress through pain and social evaluation, found no effect
of acute stress on initial motor performance, training gain
and motor memory consolidation at the group level. The
acute stress group data indicated however a negative cor-
relation between overnight gains in performance and the
stress-induced cortisol level [95]. This contrasts with a
study in which stress and anxiety were induced through
a computerised mental arithmetic task and whose results
indicate positive effects of acute stress on training gain
and retention [96].

Adding NF to MI can raise or keep up motivation,
and, as discussed above, it is assumed that this depends,
among others, on the NF implementation. The motiva-
tion added by the NF is met by the general motivation
of a participant to participate. Though the motivation
to participate in a MI NF study is most likely derived
from several sources, for the prototypical healthy partici-
pant, it will be predominantly extrinsically driven, with
money or course credits as main rewards. For patients,
such external rewards will be of comparatively little
importance. Their motivation will be much more intrin-
sically driven, for instance by the wish to learn about new

therapeutic options or by the hope to improve function.
Yet even in participants with a strong intrinsic motiva-
tion to participate such as chronic stroke patients, state
motivation, that is, the motivation for a given session,
varies between sessions [15ee]. Several older studies
with healthy participants indicate that state motivation
can have an influence on MI NF performance [97-99]. In
these studies, state motivation was operationalised along
several dimensions. The dimensions ‘perceived chal-
lenge’ and ‘interest’ correlated positively with perfor-
mance. For the dimension ‘fear of incompetence’, overall,
a negative relationship was found [97-99]. A longitudi-
nal study with patients suffering from amyotrophic lat-
eral sclerosis (ALS) also reported a positive correlation
between ‘perceived challenge’ and performance, but only
for one of six patients and no significant correlation for
the remaining five patients [100]. This and related find-
ings for stroke patients [97] suggest that for patients, the
link between state motivation and MI NF performance
might differ from healthy participants. We found no
recent literature following up on these earlier reports on
motivation though, corroborating this observation. Yet
irrespective of this, it is a fact that to some degree MI NF
training will have to put up with fluctuations in motiva-
tion, as reasons can be personal and entirely unrelated to
the NF training in itself. At the same time, experimenters
or therapists should also be open to the possibility that
their conduct can have an influence on state motivation
and thus, potentially, on NF performance. This is sug-
gested by the finding that a motor learning setup in which
the experimenter supports the human psychological need
of relatedness [101] by emphasising caring and interest
in the participant’s experiences improves not only moti-
vation and positive affect but also motor learning and
retention [102].

The aspects discussed so far can change between ses-
sions but are probably rather stable within a session. Other
aspects, such as the ability to focus on the task or attention,
are likely to change on a shorter time scale, that is, from
trial to trial or as a function of time within a session. To
learn more about these fluctuations and how they affect MI
NF or BCI performance, the period before the start of the
actual MI task has been mined for information. While an
early study successfully predicted trial-by-trial performance
of an SMR-based MI NF with fluctuations in gamma activity
[103], subsequent studies derived predictors from various
combinations of at least three frequency bands, including
the delta, theta, alpha, beta and gamma bands [104, 105].
Importantly, the best-performing combination of predictors
was found to differ between participants [105]. The individu-
ality of best-performing predictors is in line with findings
on predicting ME performance based on spectral pre-trial
EEG activity [106].
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Prospects and Concluding Remarks

In this narrative review, we highlight a range of long- and
short-term context factors summarised in Fig. 1 that can
influence the learning, improvement and re-learning of
motor skills. We primarily focused on MI NF, whereby this
was supplemented by literature from related domains, such
as MI without NF and ME. Nevertheless, this review is not
exhaustive and other context factors will certainly also play
their role. One such factor constitutes other additional neu-
romodulation techniques, such as pharmacological interven-
tions (e.g. GABAB receptor agonist on ME learning [107] or
brain stimulation e.g. transcranial direct current stimulation
(tDCS) and MI NF: [108-111] or transcranial alternating
current stimulation (tACS) and MI NF: [112]), if applied
before/after or during the session.

For several of the context factors reviewed, contradic-
tory results were found. One important aspect of this may
be the nature of the motor task. A wealth of motor tasks is
used in research, and, in other frameworks, task variability
served as an explanatory variable for variability in results,
both across individuals and studies e.g. [20, 70, 73]. On the
other hand, it is also conceivable that the effect of context
factors is largely independent of the motor task and that the
differences in findings have another origin, such as the inter-
action between context factors or individual preferences (cf.
section social context) and/or individual physiological dif-
ferences [113, 114]. Future research will have to investigate
the merits of this case.

With this first review on context factors in MI NF and
related domains, we focus on the main effects, i.e. the inde-
pendent and direct influence of each factor. Beyond that,
however, interactions can occur within each level, e.g.
between two or more long-term factors, and, across levels,
e.g. factors that are relevant before the session can interact
with factors that are relevant during the session. We believe
that from considering main effects and interactions our
understanding of the impact of context factors on MI NF
performance and related domains will greatly benefit.
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