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ABSTRACT

Neurofeedback relying on functional magnetic resme imaging (fMRI-nf) heralds new
prospects for self-regulating brain and behaviareHve provide the first comprehensive review
of the fMRI-nf literature and the first systematiatabase of fMRI-nf findings. We synthesize
information from 99 fMRI-nf experiments—the bulk afirrently available data. The vast
majority of fMRI-nf findings suggest that self-rdgtion of specific brain signatures seems
viable; however, replication of concomitant behagi@utcomes remains sparse. To disentangle
placebo influences and establish the specific effetneurofeedback, we highlight the need for
double-blind placebo-controlled studies alongsiderous and standardized statistical analyses.
Before fMRI-nf can join the clinical armamentariurasearch must first confirm the
sustainability, transferability, and feasibility ®fRI-nf in patients as well as in healthy
individuals. Whereas modulating specific brain\attipromises to mold cognition, emotion,
thought, and action, reducing complex mental haafthes to circumscribed brain regions may
represent a tenuous goal. We can certainly charage activity with fMRI-nf. However, it
remains unclear whether such changes translateneémingful behavioral improvements in the

clinical domain.

Keywords: fMRI, neurofeedback, real-time fMRI, psychiatrylfsegulation, systematic review
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MAIN TEXT

1. INTRODUCTION

In recent years, neurofeedback using fMRI (fMR)I4ms increasingly captured the interest
of scientists, clinical researchers, practitionars] the general public. This technique provides
individuals with near real-time feedback from th&mgoing brain activity (Figure 1). FMRI-nf
offers many advantages over traditional, albeitaasingly challenged, forms of neurofeedback
aiming to entrain and control electroencephalog@gignals (EEG-nf; Birbaumer, Ruiz, &
Sitaram, 2013). Unlike EEG-nf, fMRI-nf provides tmietric spatial resolution and consistently
guides participants to successfully regulate theam activity indexed by the blood-oxygen-
level dependent (BOLD) signal (Thibault, Lifshig&rbaumer, & Raz, 2015). In addition,
research on fMRI-nf improves on many key methodcmigshortcomings that plague typical
EEG-nf experiments (e.g., Arnold et al., 2013; Huilb & Raz, 2016)—employing more
rigorous control conditions (e.g., sham neurofeelllieom an unrelated brain signal) and
measuring both learned regulation of the BOLD digisavell as behavioral response. Here we
offer a critical systematic review of the fast giowliterature on fMRI-nf, with an eye to

examining the underlying mechanisms, observableoougs, and potential therapeutic benefits.

**INSERT FIGURE 1 AROUND HERE***

The present review gathers findings from neallpwailable primary experiments
involving fMRI-nf, which aim to train neural regudian or modify behavior (we exclude case
studies and other experiments that present onlyithel level analyses). We opt for a

systematic review rather than a meta-analysis altieet wide variety of experimental designs

3
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and statistical methods used in fMRI-nf. Whereataramalyses generally focus on a specific
treatment and outcome measure, the spectrum of-iMRiudies hardly renders itself to this
meta-analytic approach—the studies train distinairbregions, employ a variety of controls, use
different time points as their baseline, measwerde behaviors, and vary in the length of
training and instructions provided. While we en@g& meta-analyses for more specific
guestions concerning fMRI-nf (e.g., Emmert et 2016), a comprehensive meta-analysis would
risk misrepresenting the heterogeneity of the fiBldissigning a single valuation to the
technigue as a whole (Moher, Liberati, Tetzlaffinddn, & The PRISMA Group, 2009; S. G.

Thompson, 1994).

After outlining the parameters of our literaturaa, we present the distribution of
control conditions and experimental designs througthe field. We then examine the
effectiveness of fMRI-nf protocols in (1) trainisglf-regulation of the BOLD signal and (2)
modifying behavior. Some scholars speciously coaflaese two distinct outcome categories,
assuming that altered BOLD patterns will inevitablynecessarily drive observable changes in
behavior; however, this assumption hardly holds.tAfter considering the observable
outcomes, we evaluate the status of fMRI-nf aggils to edge towards clinical acceptance. We
conclude that fMRI-nf presents a reliable toolfioodulating brain activity, but that current
experimental protocols vary too widely to reify thpgeutic efficacy and endorse practical

guidelines at this time.

*INSERT BOX 1 AROUND HERE***
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2.  REVIEW PROTOCOL

We searched thEopic (neurofeedback) AND (fMRI OR “functional magne&sonance
imag*” OR “functional MRI") acrossAll Databasesand all years in Web of Science on August
25th, 2017 (see Figure 1 for a flow chart of stutjusion). Of the 434 published articles
written in English that were returned, we omittddl hot directly related to fMRI-nf (e.g.,
performed neurofeedback with a different imaginglaliy or used fMRI as a means of analysis
only), 72 conference proceedings or abstracts9ataplicates. On Nov'8 2017 we re-
conducted our original search and found three etdit primary fMRI-nf studies. We then
performed the additional search quetiMRI OR (“real-time” OR “real time”) AND (fMRI OR
“functional magnetic resonance imag*” OR “functioh®IRI”) acrossAll Databasesand all
years in Web of Science to capture any experimamtprimary search may have missed. Of the

938 additional records retrieved, 15 met our inclusriteria.

Of the remaining 257 articles, we identified 13Bnary research experiments, 76 review
papers, and 48 methods articles (see Figure 2doazh depicting publication trends). Primary
research included experiments where participargerkd real-time fMRI data (i.e.,
neurofeedback) and attempted to modulate the fe&ddgnal. Reviews discussed fMRI-nf
(e.g., summarized findings, proposed new directionsevisited previous data) but contained no
original data. Methodological articles presentefivgare, experimental procedures, or data
analysis techniques relevant to fMRI-nf. Althoutite humber of published reviews nears the
number of primary research articles, we presentitsieformal systematic review of fMRI-nf.

We used the Preferred Reporting Items for Systeniiviews and Meta-Analyses (PRISMA),
where applicable to this exploratory field, to guour systematic review (Moher, Liberati,

Tetzlaff, Altman, & The PRISMA Group, 2009).
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**INSERT FLOWCHART AROUND HERE***

We excluded 16 of the 133 primary research agifslem our analysis. Two of these
studies asked participants to actively move thairdhto induce motor cortex activation (Neyedli
et al., 2017; Yoo & Jolesz, 2002). While combinmgvement and neurofeedback may help
rehabilitate stroke patients, this methodologyatgfsubstantially from the fMRI-nf experiments
we examine here and would thus require a distivaluation. The other 14 studies we excluded
reported data at the individual level only, asréeseof case studies with no group-level analysis.
(Buyukturkoglu et al., 2013, 2015; Cohen et al1£2MDyck et al., 2016; Gerin et al., 2016;
Krause et al., 2017; Lee, Ryu, Jolesz, Cho, & Ya88)9; Liew et al., 2016; Mathiak et al., 2010;
Sitaram et al., 2014, 2012; Weiskopf et al., 2@&TR)4; Yoo et al., 2004). To avoid reviewing the
same dataset twice, on 16 occasions we collapsegulications, which analyze the same
dataset, into one (i.e., Caria et al., 2007 anddte®., 2011; Rota et al., 2009, 2011; Emmert et
al., 2014 and Emmert, Breimhorst, et al., 2017;a8obwski et al., 2014 and Scharnowski,
Hutton, Josephs, Weiskopf, & Rees, 2012; Pardt,e2@l4, 2016; Haller et al., 2013 and Van
De Ville et al., 2012; Hui, Zhang, Ge, Yao, & Lor&§)14 and Xie, Xu, Long, Yao, & Wu, 2015;
Yoo et al., 2007 and Lee, Kim, & Yoo, 2012; Sherdioidane, Weisend, & Parker, 2016 and
Sherwood, Weisend, Kane, & Parker, 2016; Cortes¢, 2016, 2017; Li, Tong, Guan, et al.,
2016 and Li, Tong, Wang, et al. 2016; Radua ePall6 and Scheinost et al., 2013; Robineau,
Meskaldji, et al., 2017 and Robineau et al. 201dung, Misaki, et al., 2017 and Young, Siegle,
et al., 2017; Inssen et al., 2017 and Sokunbi.g2@l4; Zhang, Yao, & Zhao, 2016 and Zhang,
Yao, Zhang, Long, & Zhao, 2013) and on one occas@nbined three publications due to

overlapping data (Young et al., 2014; Yuan et2014; Zotev et al., 2016).
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In total, therefore, we report findings from 99npary research experiments. From each
publication we extracted information regarding expental design (e.g., control group,
participant population, brain region(s) of interesental strategy, respiration correction) and

findings (e.g., BOLD regulation, behavioral regidat and follow-up measurements).

This contribution expands on our previous workib&alt, Lifshitz, & Raz, 2016) by
providing a more in-depth, comprehensive, and ugate review. It builds off of landmark
reviews in the field which highlighted the need figorous standards and offered a prospective
stance about the future of fMRI-nf (Stoeckel et2014; Sulzer et al., 2013). Extending these
previous accounts, here we systematically amalgadeta on the vast majority of fMRI-nf
studies to answer whether fMRI-nf can help indialduto control their brain activity and modify
their behavior. To answer these questions we egplata concerning four themes: control
measures, brain regulation, behavioral outcomeschmical relevance. We present all the
collected data in Table 1 and depict them in Figi%. We include Table 1 as a downloadable
spreadsheet so that researchers can efficientlprexand analyze the field of fMRI-nf. For a
discussion on the history of neurofeedback, theafeneurofeedback learning, relevant animal
experiments, or how EEG-nf studies helped shapéeltof fMRI-nf, please refer to other
reviews (e.g., Sitaram et al., 2017; Stoeckel.ef8all4). We now begin with a discussion on the

theme of control measures

**INSERT FIGURE 2 AROUND HERE***

3.  EXPERIMENTAL DESIGN IN fMRI-nf
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How does the fMRI-nf literature stack up to thédgstandard of experimental science
across most clinical research domains: placeboraibed and double-blind? Ideally, control
groups receive a highly comparable treatment thratsathe active ingredient or mechanism of
action purported to drive improvement, and neifteaticipants nor experimenters can identify
who receives veritable versus placebo treatmeatessingly, fMRI-nf experiments are rising to
this standard and employing a variety of placeboethods (see Table 1). With appropriate
controls, we can disentangle brain-based versushpsygcial mechanisms driving treatment

outcomes.

**INSERT FIGURE 3 AROUND HERE***

While fMRI-nf experiments vary in terms of contgroups, targeted brain regions, and
outcome measures, a general procedure remainstsnsacross most studies. Researchers
explain the procedure to participants, administersent forms, and usually provide an
overarching strategy to modulate the BOLD signahtdrest (e.g., imagine tapping your finger,
recall emotional memories). Participants lie sughizontally) in an MRI scanner and
generally look upwards at a display device. Aftemaatomical brain scan, which takes a few
minutes, researchers identify voxels from whichythdl provide feedback (i.e., the target
region of interest (ROI)). Participants then undeagew neurofeedback runs wherein they view
a simplified representation of brain activity origting from the ROI (e.g., a thermometer style
bar graph). These runs generally last between mifiQtes and alternate between approximately
20-60 second blocks of “REGULATE”, when participaattively attempt to modulate the
visual feedback, and “REST”, when participantsaififrom attempting to modify the BOLD

8
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signal. Participants must hold still and maint&ieit head position throughout. Control groups
generally receive placebo-nf (e.g., from an unegldirain region or previously recorded
participant) or attempt to modulate their brain\aigt using mental technigques in the absence of
neurofeedback. The median experiment recruits Hi&jpmnts (mean: 20.8 £ 12.1). Researchers
may measure behavior before and after neurofeedbaiokng, as well as in-between runs. An
average experiment lasts for about one to two hdwtsincreasingly training occurs over

multiple days.

As the field develops, fMRI-nf studies are takorgnew and diverse forms. For example,
as experimental evidence in both animals and hurfeags Alegria et al., 2017; Fetz, 1969)
shows that providing a strategy is unnecessargyen counterproductive (Sepulveda et al.,
2016), for learning neural control, a number ofrgexperiments have begun to avoid
suggesting a specific strategy. Furthermore, sduoties now leverage within-subjects design
where they identify two distinct multi-voxel actiian patterns in each participant (e.g., for
seeing red versus green, or observing one conddistimulus versus another). Researchers then
train participants to activate only one of thesttguas and employ the other as a control—often
demonstrating behavioral effects for the trainettigpa only (Amano, Shibata, Kawato, Sasaki,
& Watanabe, 2016; Koizumi et al., 2016; Shibatataabe, Sasaki, & Kawato, 2011). Target
neurofeedback signals are no longer restrictethglesbrain regions and can now reflect the
strength of functional connections between regmmadividualized machine-learned brain
maps associated with a particular behavior. Intaadiexperimenters increasingly employ
randomized controlled trials (e.g., Alegria et 2017) and began testing the long term

sustainability of learned brain regulation (e.gppReau et al., 2017).
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3.1 Control groupsin fMRI-nf: blinding, mental rehearsal, and placebo-neurofeedback

Of the 99 experiments we investigated, 38 usedomtrol group, 19 used only a control
condition that likely differed in terms of expedtet and motivation (e.g., mental rehearsal
without neurofeedback or no treatment controlsy, 2& employed placebo-nf (refer to Figure
3A to see how we grouped control types). Of thstB@ies that leveraged placebo-nf—thus,
holding the potential for a double-blind—only seported blinding both participants and
experimenters (Guan et al., 2015; Hamilton et28l16; Paret et al., 2014/Paret, Kluetsch, et al.,
2016; Yao et al., 2016; Young et al., 2014/Yuaalgt2014/Zotev et al., 2016; Young, Misaki,
et al., 2017/Young, Siegle, et al., 2017). In seAglind studies, experimenters may
unintentionally transmit their hypotheses and elgqiéans to participants, and thus inflate
demand characteristics in experimental participargee than in controls. Demand
characteristics can increase effort and motivagading to downstream differences in behavior
(Kihlstrom, 2002; Nichols & Maner, 2008; Orne, 1962d likely brain activity (e.g., Raz, Fan,
& Posner, 2005). These potential differences inivatibn are particularly important in fMRI-nf
because participants must effortfully engage toeamehneural and behavioral self-regulation.
Accordingly, double-blind fMRI-nf experiments amsaiible and go a long way toward
demonstrating the specific brain-derived benefitseurofeedback; unfortunately, such studies

are rare.

Control groups employing mental strategies inghgence of neurofeedback receive fewer
psychosocial and motivational influences compaoedkeurofeedback participants. Some
examples include healthy participants instructeckt@ll emotional memories to increase insular
activity (Caria et al., 2007) or patients askedientally imagine movement to heighten motor

cortex activity (Subramanian et al., 2011). Thesata rehearsal control participants also
10
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experience placebo effects, but probably less @o éxperimental subjects. They interface with
less flashy cutting-edge technology (Ali, Lifshi& Raz, 2014), receive a less intense (Kaptchuk
et al., 2006) and perceivably less expensive treatifWWaber, Shiv, Carmon, & Ariely, 2008),
lack a contingent visual aid to help them maintancentration on the task (Greer, Truijillo,
Glover, & Knutson, 2014), and they encounter fedenand characteristics in the majority of
cases where the experimenters expect a superiormance under neurofeedback (Nichols &
Maner, 2008). These parameters alter psychosoe&thtent mechanisms and present

confounding factors that require balancing betwegrerimental and control groups.

Placebo effects are more comparable between geanith placebo neurofeedback groups.
Various types of placebo-nf (e.g., from a largekgaound region of one’s own brain versus
from the ROI of another participant’s brain) comigwdistinct advantages in terms of
motivation level, positive feedback quantity, aedard contingency (see Stoeckel et al., 2014;
Sulzer et al., 2013; Thibault et al., 2016 for aenim-depth discussion on the intracacies of
control groups in neurofeedback). Collecting datgarding believed group assignment and
motivation levels can help bolster the reliabiliiycontrol groups (e.qg., Zilverstand, Sorger,
Sarkheil, & Goebel, 2015). Crucially, one reporbwied that simply attempting to modulate the
fMRI-nf signal, even when provided with sham-neeextback, up-regulates widespread neural
activity compared to passively viewing the samaai@Ninaus et al., 2013). In this study, neural
activity increased in the insula, anterior cingelabrtex (ACC), motor cortex, and prefrontal
regions—the four most commonly trained corticeBMRI-nf (see Figure 3C). Because sham-
neurofeedback can drive changes in BOLD self-réguiaplacebo-nf control groups (used in
just 39% of fMRI-nf studies) would be crucial testinguish the benefits of genuine fMRI-nf

over and above psychosocial influences.
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3.2 Respiration influences the BOLD signal

FMRI-nf carries a number of unique, and often tnaked, confounding variables.
Whereas this technique aims to train self-regutatibneural activity, the feedback originates
from the blood-oxygen-level dependent (BOLD) sigaal indirect index of neural activity
(Logothetis, Pauls, Augath, Trinath, & Oelterma2@01). Crucially, the BOLD signal stems
from hemodynamic processes that are sensitiveysigbgical variables, including respiration
volume (Di, Kannurpatti, Rypma, & Biswal, 2013) dmelart rate variability (Shmueli et al.,
2007). During MRI scans, for example, holding tinedbh can drive a 3-6% change in the BOLD
signal (Abbott, Opdam, Briellmann, & Jackson, 20R&strup, Kriger, Glover, & Moseley,
1999; Thomason, Burrows, Gabrieli, & Glover, 20@5h the other hand, fMRI-nf training
seldom propels BOLD fluctuations beyond 1%. Morepsabtle variations in breathing rate and
depth, which occur naturally during rest, can algbstantially sway the BOLD signal (Birn,
Diamond, Smith, & Bandettini, 2006; Birn, Smithnés, & Bandettini, 2008). Thus,
neurofeedback participants could change their biegipatterns, possibly without explicit
awareness, to modulate the BOLD signal. This pdagiposes a glaring caveat across many
fMRI-nf experiments. Unlike experimental participgfew control groups receive feedback
contingent on their own respiration. For exampthars-feedback from the brain of a previously
recorded participant contains no information conirgy the cardiopulmonary measures of the
participant receiving the sham-feedback. In thissegexperimental participants, but not most
controls, receive a surreptitious form of “respoatbiofeedback” that may help guide them

toward BOLD regulation.

12
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Fortunately, fMRI-nf experiments increasingly aagabfor respiration artifacts in a variety
of ways (see Figure 3B). Of the 37 fMRI-nf studileat explicitly report accounting for
respiration, seven statistically compare heartaatébreathing rate between REST and
REGULATE blocks, 19 subtract BOLD activity fromade background ROI, and nine regress
out physiological noise using additional recordingtruments (Figure 3B). MRI experts suggest
that researchers regress out physiological vasahlany experiment that involves conditions or
groups wherein participants may breathe differefelly., meditators vs controls or REST vs
REGULATE blocks in fMRI-nf) (Biswal, Kannurpatti, &ypma, 2007; Handwerker, Gazzaley,
Inglis, & D’Esposito, 2007; Kannurpatti, Motes, Ryp, & Biswal, 2011; Weinberger &

Radulescu, 2016).

Establishing statistically non-significant diffeies between heart rates or breathing rates
between conditions or groups (i.e., p > .05) cafmbt eliminate cardiovascular confounds—
“absence of evidence is not evidence of absencingh & Bland, 1994). Moreover, at least
two fMRI-nf experiments find statistically signifat differences in cardiorespiratory measures
between REST and REGULATE blocks (Marxen et all,&®orger, Kamp, Weiskopf, Peters,

& Goebel, 2016).

A more common method—subtracting ongoing BOLDtilations in a large background
region from activity in the ROl—overlooks the fdbat respiration influences the BOLD signal
in some neural regions more than in others (DI.e2813; Kastrup, Kruger, Glover, & Moseley,
1999). Notably, fMRI-nf targets many of the regionest susceptible to respiration (e.g.,

cingulate gyrus, insula, frontal, sensorimotor, gistial cortices: see Figure 3C).
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Of the remaining 62 experiments that do not expliceport accounting for respiration,
few mention the involvement of ulterior cardiorespory variables in the BOLD signal. A
number of studies ask participants to breathe nibynmut refrain from further dealing with
respiration. And yet, this request can prompt urgttess and irregular breathing patterns
(Schenk, 2008), and holds the potential to sulitggest at least one way to modulate the BOLD
signal. In some fMRI-nf experiments, participamtpleitly report focusing on their breath as a
strategy to alter the BOLD signal (e.g., Alegriakt 2017; Garrison et al., 2013; Harmelech,
Preminger, Wertman, & Malach, 2013). Of the avddapproaches, only systematically
regressing out physiological artifacts can ensaé BOLD regulation reflects neural

modulation.

3.3 Muscle activity influencesthe BOLD signal

Just as seeing alters the BOLD signal in the Visoidex, muscle engagement alters the
BOLD signal in sensorimotor regions. In fMRI-nf expnents targeting sensorimotor regions,
researchers typically instruct participants to perf motor imagery without recruiting muscle
activity. Evoking a movement, however, increasetica activity much more than imagining
the same movement (Berman, Horovitz, Venkatara&atiallett, 2011; Lotze et al., 1999;
Yuan et al., 2010). Thus, participants could patdigtflex their muscles, perhaps
unintentionally or covertly, to increase BOLD adtyv One seminal fMRI-nf experiment
demonstrated the power of this general approadskiyg participants to move their fingers to
successfully modulate the BOLD signal (Yoo & JoléX202). Another fMRI-nf study reported

correlations between EMG measures and BOLD changesny participants, even though
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participants were instructed to refrain from mov{Bgrman et al., 2011). Furthermore, muscle
tension reflects mental load, which presumablyaases during REGULATE blocks compared
to REST blocks (lwanaga, Saito, Shimomura, Har&déatsuura, 2000). To account for such
potential muscle effects, the most rigorous fMREnfdies targeting sensorimotor regions
measure EMG activity (e.g., Chiew et al., 2012; baxns et al., 2004; Subramanian et al.,

2011) or arm movement (e.g., Auer, Schweizer, &hRra2015; Marins et al., 2015).

Typical placebo-nf protocols seldom fully contfol muscle-driven modulation of the
BOLD signal. Whereas experimental participantsivéeg feedback from motor areas could
implicitly learn to tense muscles to regulate ti@LB signal, most placebo participants receive
feedback unrelated to their muscle tension. Thuen én the presence of placebo-nf controls—
oftentimes considered the gold standard in thd-#dMRI-nf studies that target sensorimotor
cortices must also account for muscle tension kaftentifying neural modulation as the driver
of BOLD regulation. Even though cardiorespiratong anotion artifacts are broadly recognized
issues in the field of fMRI, they are particularglevant to neurofeedback because participants
can inadvertently learn to modify the BOLD signal artifacts. Still, many fMRI-nf
experiments neglect to control for these measuigsi{e 3). The solution to adopting stronger
control groups and control measures lies more fareimg the standards of clinical and fMRI

research than in developing new techniques.

4. BOLD SELF-REGULATION

The question at the heart of fMRI-nf research iether individuals can learn to
volitionally modulate neural activity in circumsibed brain regions. The cumulative evidence
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suggests that participants can indeed successhatulate the BOLD signal from a wide variety
of brain regions (Fig 4A). While this overarchingding may spark enthusiasm, we would do
well to remember that participants in thousandsnaiging studies before the advent of
neurofeedback had already regulated their own B@tiivity. Whenever we perform specific
cognitive tasks or assume distinct mental statemfiteence the BOLD signal. For example, an
early meta-analysis of 55 fMRI and PET experimehiswed that recalling emotional memories
increases activity in the ACC and insula (Phan, 8¥agaylor, & Liberzon, 2002). The vast
majority of fMRI-nf studies (79%) provide participig with at least a general mental strategy to
help modulate the BOLD signal (see Table 1). Tituspuld be strange if we did not see BOLD
signal differences between REST and REGULATE trille potential breakthrough of fMRI-
nf, instead, rests on whether participants canestdapm appropriate control groups that account

for mental rehearsal and placebo factors.

4.1 How we measure learned BOLD regulation

Based on the 99 experiments surveyed and diffenetittodological approaches, we
divided learned regulation into four distinct caiggs, each with specific implications for

neurofeedback:

(1) Comparing endpoints to baselimeeasuregtaken before neurofeedback or during
REST blocks). This measure holds particular relegan studies that report greater
improvements for experimental participants overtparticipants. Improving compared to a

control group can stem from a decreased perform@anoentrol participants rather than an
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improvement in experimental participants (e.g.,rthat al., 2013). Comparing endpoints to

baseline measures confirms that neurofeedback iteeagperimental participants.

(2) Comparing endpoints to the first neurofeedbacHk @ied (3)identifying a linear trend.
These approaches reveal whether participants eetoimprove their self-regulation beyond
the first session. If participants improve BOLD uégion compared to baseline but improve
neither beyond the first neurofeedback run norlinear fashion, then the benefits of fMRI-nf
may quickly plateau. In this case, the improveniemeural regulation could rely on any
variable that changed between the baseline testhanfitst neurofeedback trial (e.g. the mere act

of attempting to modulate the BOLD signal).

(4) Comparing experimental and control participantéis approach remains standard
clinical research practice and allows experimertietease apart the specific benefits of a

particular fMRI-nf paradigm from more general psysbcial factors.

Leveraging a combination of these four tests ganmnore detailed picture of
neurofeedback that can better inform researchengtgdsychosocial influences, the importance
of mental strategies, and ideal training regim&in& number of studies where neurofeedback
participants successfully modulate the BOLD signedbrpared to baseline, compared to the
first feedback trial, compared to controls, or ilnaar fashion—far outnumber the experiments
where participants were unsuccessful (Fig 4). TRMRI-nf appears to provide participants with

the ability to self-regulate the BOLD signal origtmg from various brain regions.

**INSERT FIGURE 4 AROUND HERE***
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4.2 Are positive results overrepresented?

Figure 4 presents convincing evidence that fMRdiives BOLD regulation. Nonetheless,
as in many fields of research, veiled factors agpublication bias, selective reporting, variable
research designs, and methodological nuances eyt cumulative evidence in favor of

positive findings (Button, 2016; Goldacre et a018; loannidis, 2005).

A number of experiments report promising findiagsl adopt a positive tenor despite
finding few significant results. For example, sostiedies find significance in only a few runs
out of many: for instance, run 7 and 8 out of etetaal runs (Yoo et al., 2006), run 2 of 4
(Berman, Horovitz, & Hallett, 2013), the differenicetween run 3 and run 4 (Hui et al., 2014),
or the difference between run 2 and 3 (Zilverstanal., 2017) . A few experiments stop
neurofeedback training once participants achiepeedefined level of BOLD regulation or once
statistical tests reach significance (e.g., Lee k& Yoo, 2012; Scharnowski et al., 2015). This
uncommon experimental design inflates positive ltediecause training continues until
statistical significance surfaces. Other analysé@gel participants into “learners” and “non-
learners” (i.e., those successful and unsucceashdhieving neural self-regulation), and in turn
generate positive findings for the “learners” gr¢am., Bray, Shimojo, & O’'Doherty, 2007;
Chiew et al., 2012; Marxen et al., 2016; Ramot,¥Snean, Friedman, & Malach, 2016;
Robineau et al., 2014; Scharnowski et al., 2013nktudies run multiple statistical tests but
neglect to discuss how they accounted for mulpl@parisons. For someone perusing the
literature, the aggregate of the above fMRI-nf s&adnight give the impression of a robust base
of converging findings in support of fMRI-nf, wha®in fact, positive findings remain scattered

across select runs and chosen participants.
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Statistical nuances can further frame the avalalidence with an overly positive sgif
the 62% of experiments that include a control graver a quarter forego reporting statistics
that directly compare experimental and controlipgrdnts in terms of BOLD regulation. Some
of these studies demonstrate an improvement iexperimental group and no significant
difference in the control group but refrain fromeditly comparing the two groups (e.g., Caria et
al., 2007; Rota et al., 2009; Subramanian et @lL12 These findings might project the image
that veritable feedback outperforms placebo-nf.\Bitth these measures alone, we cannot
confirm the superiority of veritable neurofeedb@sikeuwenhuis, Forstmann, & Wagenmakers,
2011). Moreover, 31% of the control procedures usélRI-nf experiments diverge
substantially from the experimental procedure®rms of motivational factors and training
parameters (e.g., mental rehearsal without neulbBesk; see Figure 3A). Taking these factors
into account, the value of fMRI-nf findings are raditequal; some studies provide relatively

weak evidence compared to others.

4.3 BOLD regulation in summary

The evidence for fMRI-nf-driven self-regulationtbie BOLD signal remains promising
yet underdetermined. While the previous sectiogklighted how several publications appear to
oversell their findings, very few experiments fial absence of learning, and a number of robust
studies document learned BOLD regulatido.bolster evidence in this domain, researchers
stand to benefit from directly comparing veritabhel placebo-nf groups, measuring muscle
activity and breathing patterns, and pre-specif@ngd reporting all planned measures and

statistical tests.
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5. BEHAVIORAL SELF-REGULATION

The promise of fMRI-nf stems from the potentiafégulate brain processes and, in turn,
to improve well-being. Nonetheless, we remain fant establishing causal links between
circumscribed patterns of brain activity and comgieman behaviors. Whereas neuroscientists
have successfully mapped discrete stimuli onts#resory cortices (e.g., primary motor,
sensory, or visual areas), the neural correlatgsythiatric conditions and multifaceted mental
processes appear to rely on the synthesis of irgtoom from a variety of brain regions (Akil et
al., 2010). To provoke meaningful behavioral charfigiRl-nf will likely need to influence
broader neural circuitry. Increasingly, neurofeerkstudies probe and largely confirm that
fMRI-nf rearranges functional connectivity betwdsain regions (see Table 1). And yet,
research has yet to establish whether changing brivity as recorded by fMRI is sufficient or

necessary to improve mental health conditions.

5.1 fMRI-nf modifies behavior

Of the experiments we reviewed, 59 statisticatijnpare behavior from before to after
neurofeedback (a number of additional studies nredsehavior at one time point and test
whether behavior and neural measures correlateydiwhether neurofeedback alters
behavior—e.g., Marxen et al., 2016; Zotev et &1 1. In 69% (41/59) of these behavioral
studies, participants improve compared to basatieasures taken either before neurofeedback
training, during the first trial of training, or dog rest blocks (Fig 4B). Of the behavioral stisdie

that include a control group, 59% (24/41) repagteater behavioral improvement in the
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experimental group compared to the control grolgeaBise demand characteristics can alter
behavior, and repeating a test can improve perfoceacores, experiments without control
groups—or with control conditions that carry fewentivational factors (e.g., mental
rehearsal)—provide insufficient evidence to confitieattribute improvement to veritable
neurofeedback, rather than to ulterior factors. @imaulative behavioral findings stand less
robust than the consistent results supporting B@ddulation. Nonetheless, the combination of
neurofeedback-specific effects plus psychosocfaléences may produce an effective behavioral

intervention.

We must ponder, moreover, whether observed betsvinprovements are clinically—
not just statistically—significant. Clinical sigieince implies that, statistical significance aside
patients manifest improvements of ample magnitodadrease well-being (Jacobson & Truax,
1991; B. Thompson, 2002). The threshold for clihgignificance varies depending on the
research question and patient population. Whei@asg scientists define clinical significance as
the minimum improvement a practitioner can obséevg., Leucht et al., 2013), others refer to
the smallest positive difference a patient canestthyjely notice (e.g., B. C. Johnston et al.,
2010). Researchers have devised various methodslfarlating clinical significance and often
referring to the term minimally important clinicdifference (MICD) (Wright, Hannon, Hegedus,
& Kavchak, 2012). For some common measurementsareisers prefer calculating the
minimum change on more objective scales that cporeds to an observable subjective
improvement (e.g., a reduction of 3-7 points onHllaenilton Rating Scale for Depression:
Leucht et al., 2013). More often, however, reseanrsimust set their own definition for clinical
significance. This definition should be determirgeplriori in order to tease apart whether a

statistically significant result (e.g., improveaéarecognition in people with schizophrenia: Ruiz
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et al., 2013) translates into a meaningful improgetin the condition of a patient. Research on
fMRI-nf employs diverse methodologies and measurgsiea standardized implementation has
yet to emerge and each application comes with ngrgiegrees of evidence. The following more
scrutinous examination explores whether behaviordings in fMRI-nf research reach clinical

significance.

**INSERT FIGURE 5 AROUND HERE***

5.2 Dissecting the behavioral effects of fMRI-nf

In our review, we assumed a liberal approachlieliag behavioral change as successful.
We included experiments where at least one belalwariable differed between endpoints and
baseline or between experimental and control grdBpsie experiments, however, measure
many behavioral variables, make no mention of astiog for multiple comparisons, and
emphasize only significant findings. Below we audlithe current state of evidence for the three
potential clinical applications of fMRI-nf that habeen investigated in at least five studies:

affect, nicotine addiction, and pain.

Eleven fMRI-nf experiments have examined changesfect using the positive and
negative affect schedule (PANAS). Across theseissyave observe few findings that overlap
reliably. Rather, we see the following collectidndestinct outcomes: no difference in PANAS
scores (S. J. Johnston et al., 2011; Z. Li el 6; Sarkheil et al., 2015); global PANAS scores
remain consistent, but both positive and negatiNessales decreased, no controls used (Grone et

al., 2015); positive and negative subscales deeremsglobal measure and no control group
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(Mathiak et al., 2015); no differences in PANAS i;dut changes in the ability to recognize
facial expressions (Ruiz, Buyukturkoglu, Rana, Buimer, & Sitaram, 2013); higher mood
disturbance reported, but no relevant statistestistincluded (S. J. Johnston, Boehm, Healy,
Goebel, & Linden, 2009); lower negative affect xperimental participants across sessions, but
no main effect of session or interaction of groypsession (Linden et al., 2012); no correlation
between PANAS scores and BOLD regulation (Cordes. £2015); PANAS mentioned in
methods section, but not included in results sadfitota et al., 2009); and affect tested only
post-training (Hamilton et al., 2016). Although tiaeget ROIs of these experiments vary from
the ACC, to the prefrontal cortex, to individualtientified areas involved in emotion, the results
hardly follow a pattern based on the ROI targeimtably, a number of these experiments may
mask the clinical utility of fMRI-nf because thawestigated healthy participants who may
experience ceiling effects more quickly than paseNonetheless, a coherent story scarcely
emerges from the multiple experiments using the R8NThe presence of multiple studies that
report at least one positive finding and includeumber of matching behavioral variables may
prompt a misleading image of replicability; upons#r inspection, however, specific results

vary substantially.

In the case of nicotine dependence, three stuepst a decreased desire to smoke after
fMRI-nf, but do not include control participantsg@erberry et al., 2013; Hanlon et al., 2013; X.
Li et al., 2012), one experiment shows a decredssite to smoke in terms of positive
anticipation of a cigarette, but not in terms @& #xpected relief of cravings (Hartwell et al.,
2016), and another reveals an absence of changesaiette craving (Kim et al., 2015); all of

these studies target the ACC and all but one alget the prefrontal cortex. While these results
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suggest a promising application, only one experimsas a control group (Hartwell et al.,

2016), and none actually test whether participamtske less after training.

As for fMRI-nf and pain perception, experimentpad the following—somewhat more
promising—spectrum of findings: decreased paimgatiduring neurofeedback and a correlation
between BOLD regulation and pain ratings, no cdmgroup (Emmert et al., 2014/Emmert,
Breimhorst, et al., 2017); decreased pain aftatalde fMRI-nf compared to both baseline
measures and placebo-nf participants, but no atioal between BOLD regulation and pain
ratings (Guan et al., 2015); decreased pain rattnggpared to both baseline measures and
controls participants, pain ratings correlated VLD regulation (deCharms et al., 2005); and,
no effect of neurofeedback on pain (Rance, Rutieks, Schad, & Flor, 2014; Rance, Ruttorf,
Nees, Schad, Flor, et al., 2014). All five of thetalies target the ACC, four of them hone in on
the rostral ACC specifically and three also tatbetleft insula. Compared to affective
experience and nicotine dependence, fMRI-nf seeragért a more reliable positive effect on
pain ratings. And yet, while current evidence iadiss that fMRI-nf may lead to pain reduction,
the link between successful BOLD regulation ancdh pearception remains tenuous. Taken
together, the scarcity of robust and convergindewte surrounding many interventions—
perhaps with the exception of pain management—taitrther studies before applying fMRI-

nf behaviorally.

5.3 Behavioral effects of fMRI-nf in clinical populations

Beyond the clinically relevant behaviors outlindmee, researcher have tested fMRI-nf
directly on a number of clinical populations, indilig patients with major depressive disorder,
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Parkinson’s disease, schizophrenia, anxiety, tisnibbesity, alcohol abuse, and ADHD. Here

we discuss every clinical condition where at léast experiments have been conducted.

For depression, two strong experiments accounefpiration artifacts, employ robust
control groups, and leverage a double-blind deghow that genuine-nf, compared to
placebo-nf, allows depressed patients to regultetie amygdala and improve their mood (Young
et al., 2014, 2017). Other experiments show thptedsed patients can modulate individually
identified ROIs that respond to emotion and thaytimprove on scales measuring mood;
however, BOLD regulation and behavior hardly catedl (Hamilton et al., 2016; Linden et al.,

2012).

Patients with Parkinson’s disease can learn tolaég their SMA and improve their finger
tapping speed compared to a mental rehearsal ¢gnéngp (Subramanian et al., 2011). In a
further studies, however, patient improved on amg of five subscales of motor performance
and this change was comparable to a control griBuprémanian et al., 2016). Studies with a
healthy population similarly find that genuine-eals to better regulation of the PMC and
increased finger tapping frequency compared toghlaef (Hui et al., 2014; Zhao et al., 2013).
However, another study shows that healthy partidgaould neither regulate primary motor
cortex nor improve motor performance (Blefari, 8u)2Hepp-Reymond, Kollias, & Gassert,
2015). An important next step would be to examimether improved finger tapping speed and
better scores on scales of emotion translate ig@nmgful improvements in the lives of

patients.

While the findings with depressed and Parkinsopiatients hold some promise, the results

from other clinical populations are less clearidtas with schizophrenia, for example, learned
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to regulate their ACC and anterior insula in twadses (Cordes et al., 2015; Ruiz et al.,
2013)(Cordes et al., 2015; Ruiz et al., 2013). Hmveone of these studies found no correlation
between brain activity and changes in either affechental imagery (Cordes et al., 2015) while
the other observed an increased ability to detiegudt faces, but no change in affect (Ruiz et
al., 2013). Moreover, both studies lacked controlgs. As for anxiety, whereas one study
found an increased ability to control orbitofroraativity alongside a reduction in anxiety
(Scheinost et al., 2013), another experiment shamgéased insular control alongside a
marginal increase in anxiety (Zilverstand et &1%). Individuals with tinnitus learned to
downregulate their auditory cortex in two studidewever, in one experiment they only
improved on one out of eight tinnitus subscalesrttem, Kopel, et al., 2017) and the other study
found that two of six patients reported improversanttheir condition (Haller, Birbaumer, &
Veit, 2010); both studies lacked control groupse§¥participants and healthy individuals both
learned to control hunger-related ROIs that wedavidually identified in each participant. In
one study, participants reported a decrease indrung no change to satiety (lhssen, Sokunbi,
Lawrence, Lawrence, & Linden, 2017). In anothedgflearned brain regulation drove no
change in hunger, fullness, satiety, or appetitélenxcausing a marginal worsening of snacking
behavior but improvement toward selecting loweogalfoods (Spetter et al., 2017). In a third
study, obese participants learned to regulate #xggrior insula, but this had no effect on mood
and changes in hunger were not reported (Frank, &04.2). These three studies on eating
behavior lacked control groups. Other studies faimad heavy drinkers could regulate
individualized brain regions associated with crgviKarch et al., 2015) or the ventral striatum
(Kirsch, Gruber, Ruf, Kiefer, & Kirsch, 2016) resaob in either a marginal reduction in craving

or no effect on craving, respectively. Both studiesuded placebo-nf conditions. For ADHD,

26



578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

adults showed no difference in BOLD regulation enévior between genuine and placebo-nf
groups (Zilverstand et al., 2017). Alternativelljldren receiving genuine-nf better regulated
BOLD activity than a placebo-nf group, but behaalomprovement was comparable between
the groups (Alegria et al., 2017). These ADHD stsditand out as some of the first registered
fMRI-nf trials. For many clinical applications, weould need further controlled experiments to

more clearly establish the benefits of fMRI-nf.

5.4 Behavioral effects of fMRI-nf in healthy populations

Beyond the direct clinical applications, researsti@ve investigated whether fMRI-nf can
alter perceived valence, working memory, reactioref and visual performance. In this section,
we review all behavioral applications of fMRI tregipear in at least two studies and that we

have yet to discuss.

Five studies have investigated whether fMRI-nf alier how participants subjectively rate
stimulus valence. These studies report a varietgsilts: no ability to modulate the amygdala
and no effect on valence (Paret et al., 2014)hdityato regulate the amygdala and mention of
valence rating in the methods, but not in the tessdction (Paret, Kluetsch, et al., 2016); an
ability to upregulate insular activity and a coateld change in rating aversive pictures as more
negative (Caria, Sitaram, Veit, Begliomini, & Bitraer, 2010); a capacity to upregulate the
insula, but no effect on valence ratings (Lawregical., 2014); and learned regulation of
functional connectivity between the dmPFC and thggdala, alongside increases in positive

valence ratings (Koush et al., 2017).
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As for working memory, whereas genuine neurofeekted to increased DLPFC
regulation and increased performance on five wgrkiemory tasks, placebo-nf reduced
DLPFC regulation, yet drove a comparable increageerformance on four of the five tasks
(Zhang, Yao, Zhang, Long, & Zhao, 2013). Anothedgtdemonstrated that neurofeedback
participants could regulate the DLPFC and improeekimg memory performance compared to
a mental rehearsal control (Sherwood, Kane, e2@L6). In a more recent study, participants
failed to regulate their parahippocampal gyrus,itmgroved on 3 of 14 memory tests
(Hohenfeld et al., 2017); however, the researcheise no mention of accounting for multiple
comparison and they used an underpowered placepmup with four participants, compared

to the 16 receiving genuine-nf.

Five fMRI-nf studies primarily investigate reactibme and have mixed findings. Two
studies selected post-hoc for participants whankséito regulate motor cortex activity and found
that they decreased their reaction time in one raxygat (Bray et al., 2007) but not in the other
(Chiew et al., 2012). Other studies demonstrateceased ACC regulation and faster reaction
times, but included no control group (Mathiak et 2015), and found no difference between
experimental participants and a mental rehearsdraagSherwood, Kane, et al., 2016). A more
recent study leveraged an inverse design whergaup trained to upregulate functional
connectivity between the motor and parietal covtade the other group trained to down-
regulate the same connectivity pattern (YamasHisgasaka, Kawato, & Imamizu, 2017). The
groups successfully learned to regulate connegtinibpposing directions, but the behavioral
findings fail to form a cohesive story. One groopreased reaction time on a vigilance task, the

other increased reaction time on a flanker tas#t,kmth groups decreased reaction times on a
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Stroop test. Altogether, the findings concerningree, memory, and reaction time are hardly

conclusive and demand replication efforts.

Some scientist investigating neuroplasticity dse anterested in whether fMRI-nf can
modulate low level cortical areas such as earlyalisortices. The more robust studies
demonstrate either that neurofeedback can altbraauval cortex activity and in turn bias
perception towards certain line orientations (Staited al., 2011) and alter color perception
(Amano et al., 2016). Other studies report a vaiétresults: successful regulation of the ratio
of activity between the parahippocampal and fusiffeice area, but no effect on perception
(Habes et al., 2016); an increased ability to &ize visual cortex activity and subsequent
reductions in the severity of hemi-neglect pati€Risbineau, Saj, et al., 2017); and improved
regulation of primary visual areas alongside eithgroved visual discrimination (Scharnowski
et al., 2012) or unaffected visual extinction (Rwaiu et al., 2014). However, these latter two
studies identifieghost-hogparticipants who learned to regulate their BOL&nal and analyzed
those participants separately. The ability to ratglow-level cortical areas holds important
implication for neuroplasticity research; the ingpliions for behavioral or clinical outcomes

remain less clear.

5.5 Behavioral self-regulation in summary

FMRI-nf affects behavior; yet, the various findengpme together as a mosaic of disparate
results rather than a clear unified picture. Trepdiity between findings may stem from the

uniqueness of each study and the all-too-commarffinoent sample size in fMRI-nf
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experiments. Small samples can lead to an inciedaése-negatives (i.e., masked interesting

results) as well as an increase in false-posiijBeston et al., 2013).

Crucially, disentangling the relative contributiohgenuine feedback versus psychosocial
influences requires further investigation. To hegablish the specific behavioral effectiveness
of fMRI-nf, relevant experiments could benefit fraesting behavioral improvements compared
to both baseline measures and control groups, \alsteexamining correlations between
behavior and BOLD regulation. Moreover, probing titee BOLD regulation negatively
impacts any behavioral measure would provide a oneplete understanding of this technique.
For example, whereas fMRI-nf experiments for pagulation aim to down-regulate the rostral
ACC, affect research often calls for up-regulatdthis same region. While behavioral

improvements may manifest for some measures, imeaits could develop for others.

6. SUSTAINABILITY, TRANSFERABILITY, AND PRACTICALITY OF fMRI-nf

While positive findings abound in fMRI-nf reseasthe clinical feasibility and value of
this technique remains unconfirmed. A few years agueral prominent neurofeedback
researchers stated in an authoritative reviewth@treal usefulness [of fMRI-nf] in clinical
routine is far from being demonstrated” (Sulzealet2013). The present review suggests that
their statement remains valid: to date, few stublege tested clinical significance, examined

patient populations, or investigated follow-up meas.

6.1 Sustainability
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663 The dominant view of fMRI-nf posits that particiga learn to modulate brain activity

664  during neurofeedback training and then maintais #hility throughout daily life—regulating

665 neural function when required (deCharms, 2008)akernative theory (discussed in Sulzer et
666  al., 2013 in relation to deCharms et al.’s unpuiigds experiments) suggests that neural

667  regulation may not be necessary to achieve podigavioral outcomes. Rather, this theory

668  posits that the value of fMRI-nf may lie more invéping effective mental strategies. Once the
669  researchers know what mental strategies work, ¢heyteach these strategies to new participants
670  who can obtain most of the benefits of fMRI-nf vath ever undergoing fMRI-nf themselves.
671  Moreover, participants may experience behaviorakbts even though they lack the ability to
672  regulate the specific brain region of interest.sT$gcond theory offers an alternative to the

673 theoretical foundation of neurofeedback, arguirag tearned regulation of a specific ROl may
674  not be the primary determinant of positive behalioutcomes in fMRI-nf interventions.

675 Another theory that garners some empirical supgaggests that providing mental strategies
676  may hamper learning and that operant conditiorsrgpfficient to drive neurofeedback learning
677  (e.g., Dworkin, 1988; Sepulveda et al., 2016; Se&n et al., 2017 for a more detailed

678  discussion). Notably, 79% of fMRI-nf experiment®yide participants with at least a general

679  mental strategy to modulate the BOLD signal (seaera).

680 To support the prevailing mechanistic theory ainoéeedback, researchers must

681 demonstrate that participants can continue to natdwhe BOLD signal in the absence of

682  neurofeedback (i.e., during a “transfer run”). @ 84 studies that measure this ability, 23

683  suggest that participants can transfer their negerallation to runs without neurofeedback, while
684 11 suggesthey cannot (Fig 6A). Of these 34 studies withdfanruns, nine include patients, of

685  which six document that patients maintain BOLD tagan capacity in the absence of feedback
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(see Table 1). These few studies hint at a progpisend. Future experiments using transfer runs
would help to establish the supposed neurobiolbgi@sis of neurofeedback treatment

outcomes.

Follow-up measures of behavior, functional conivégt and BOLD regulation (i.e.,
transfer runs conducted beyond the day of neurbBeddtraining)—taken days, weeks, or
months after training—could also help documentsihstainability of neurofeedback (Fig 6B).
Of the 99 experiments analyzed, four conduct follgwanalyses on BOLD regulation (all
successful), six analyze follow-up functional coctnaty (five successful), and 11 examine
follow-up behavior (nine successful; see TableNDtably, on a number of these follow-up
measures, experimental and control groups showeithsimprovements (e.g., Chiew et al.,
2012; Yuan et al., 2014; Zilverstand, Sorger, Seitk& Goebel, 2015). At the moment, the
sparsity of follow-up measurements across fMRIxgeriments precludes claims that a single
training session may impart long-term benefits (Sgerre 7 for a conceptual diagram

overviewing the theory and actualities of fMRI-nf).

**INSERT FIGURE 6 AROUND HERE***

**INSERT FIGURE 7 AROUND HERE***

6.2 Transferability

To promote fMRI-nf as a medical tool, researchvatsneed to document clinically

significant benefits in the populations they intéadreat. Currently, the majority of fMRI-nf
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participants are healthy, in their twenties (sqgpfementary table), and presumably—as in most
psychology and neuroimaging experiments (Chiao &d@h 2010; Henrich, Heine, &
Norenzayan, 2010)—undergraduate university stud@uspared to this young and well-

educated sample, patient populations might fimdate difficult to modulate brain activity.

Testing fMRI-nf on patients provides the most diray to document clinical utility.
Twenty-eight experiments we reviewed study patsamples (Fig 5¢). Of these patient samples,
five suffer from nicotine addiction, four from degssion, and two from each of chronic pain,
schizophrenia, Parkinson’s disease, ADHD, tinnitun] obesity, as well as seven from other
conditions. Fifteen of these studies include cdrgroups. Notably, a number of pilot fMRI-nf
studies, which include only individual level stétis, also test patient samples (Buyukturkoglu et
al., 2013: Parkinson's disease, Buyukturkoglu.ePall5: obsessive compulsive disorder; Dyck
et al., 2016: schizophrenia; Gerin et al., 201&tpaumatic stress disorder; Liew et al., 2016:
stroke; Sitaram et al., 2014: criminal psychopatRs)ticipants in four of the 99 studies had an
average age over 50 years and suffered from Parkmsdisease, hemi-neglect, or Alzheimer’'s
disease (see supplementary table). Their learmddahavioral improvement appears
comparable to younger participants. Experimenth pétient samples often find statistical
significance yet lack the measures necessary teday clinical significance. For example,
neurofeedback can decrease cravings for cigarétiesloes this change translate to fewer
cigarettes smoked? Are the magnitudes of changeaimratings, subjective scales of mood and
affect, or the perceived valence of images largrigh to impart a meaningful benefit for
patients? Do observed effects persist beyond th@tlaeurofeedback training? To elucidate

such questions researchers must measure clinreddlyant behaviors and gather follow-up
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information (e.g., Robineau et al., 2017; Scheietbst., 2013; Subramanian et al., 2011;

Zilverstand et al., 2015).

6.3 Practicality

Even if fMRI-nf triumphs as a medical treatmehg sparse availability and high price of
MRI scanners may remain a barrier to accessibértrent. The 3-Tesla MRI scanners typically
used in fMRI-nf research are currently availabléyom advanced medical facilities and research
centers. Such facilities exist mostly in mediunfat@e size cities within rich countries. A 3-
Tesla MRI facility costs a few million USD to infitand requires ongoing maintenance and
specialized technicians. An average medical MRh sxests over 2,600 USD in the United States
(Center for Medicade and Medicare Services, 2004@se medical scans, moreover, usually
measure anatomy alone and require much less suoartiian a typical fMRI-nf session would
demand. A less expensive option could involve boglkin MRI scanner in a non-hospital
environment (500-1,000 USD per hour) and hiringrelependent fMRI-nf practitioner.
Nonetheless, if fMRI-nf parallels EEG-nf, which dake 20-40 sessions to actualize substantial
benefits, the scanning costs could quickly becomaipitively expensive. Alternatively, if only
a few fMRI-nf sessions can drive meaningful clihicatcomes, this technique could benefit
patients in industrialized nations with geograpdmd financial access to an MRI scanner.
However, before coming to premature conclusionsiathe practicality of fMRI-nf, one would
need to also consider a cost-benefit analysisekample, if fMRI-nf could successfully treat
refractory depression, then the defrayed costsigbimg medical treatment and reduced worker

efficiency could dwarf the cost of neurofeedba@&atment. Thus, scientists could benefit from
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evaluating the practicality of fMRI-nf not in isdian, but in relation to the price, availability,

and efficacy of other treatment options.

***INSERT BOX 1 AROUND HERE***

7. IMPLICATIONS

7.1 Stepsforward in neurofeedback protocols

Since the inception of fMRI-nf in 2003, researchrneurofeedback has progressed
significantly. For one, fMRI-nf makes several imgamt advances over more traditional, EEG-
based, approaches to neurofeedback. EEG-nf expasrgenerally involve dozens of training
sessions and often neglect to directly measurehehgiarticipants learn to modulate neural
activity. In contrast, fMRI-nf requires only a fewns to impart BOLD modulation, and relevant
experiments almost always measure neural regulaéipacities. As evidence continues to mount
suggesting that individuals can easily regulateB@®&.D signal, fMRI-nf may one day surpass
the clinical utility of EEG-nf (which notably de®g most of its powerful healing effects from

psychosocial influences: Schabus et al., 2017; isatiderg et al., 2017; Thibault & Raz, 2016)

Regulating brain signals via fMRI-nf may be mofieetive due to the superior
localization specificity of the BOLD signal compdr® the EEG signal. Whereas the BOLD
signal reflects spatially precise cardiovasculacpsses, the EGG signal arises from the
interaction of diverse electrical signals, whicltser as they pass through the electro-conductive

fluids and tissues that surround the brain. Emaliriesearch on the difference between learning
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in fMRI- and EEG-nf, however, remains absent fréwm literature. For the time being, therefore,

such comparisons remain speculative.

In an attempt to advance fMRI-nf, some scientistglie that greater magnetic fields (e.g.,
7-Tesla or higher) will allow researchers to targigb-millimetric neural regions and improve the
effectiveness of fMRI-nf (Goebel, 2014). To datewever, researchers have yet to localize sub-
millimetric clusters of brain activity responsildla most conditions that fMRI-nf aims to treat.
Furthermore, tiny head movements can offset thertiatl increase in precision that 7-Tesla
scanners offer. An empirical effort even demonsttat counter-intuitive benefit of 3-Tesla over
7-Tesla scanners for fMRI-nf (Grone et al., 20XB¥earchers found a lower signal-to-noise ratio
at 7-Tesla and suggested that including physio&dgioise parameters could help overcome this

issue.

In recent years, researchers have begun to emapiey fMRI-nf approach targeting
functional connections between regions rather #wivity in single ROIs. All of the six
experiments using this technique demonstrate tio@tiduals can learn to regulate functional
connectivity patterns (Kim et al., 2015; Koushlet2013, 2017; Megumi et al., 2015; Spetter et
al., 2017; Yamashita et al., 2017). Three of theeqeeriments employ placebo-nf controls and
show better neural regulation in the genuine-ntigr(Koush et al., 2017; Megumi et al., 2015;
Yamashita et al., 2017). These functional connégtstudies also report positive behavioral
effects for valence ratings (Koush et al., 201dnder (Spetter et al., 2017), and reaction time
(Yamashita et al., 2017), but not for cigarettesorg (Kim et al., 2015). Notably, many fMRI-nf
studies that train individuals to modulate sind®3ls also demonstrate changes in functional
connectivity (see Table 1). Comparative studiesld/be needed to establish whether functional

connectivity neurofeedback outperforms more traddi single-ROI approaches.
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796 A third type of fMRI-nf uses feedback derived fronulti-voxel pattern analysis (MVPA)
797 in a process entitled decoded neurofeedback, oNefgsee Watanabe, Sasaki, Shibata, &

798 Kawato, 2017 for a more detailed review on thisdpprhis method analyses brain activity from
799  each participant to create an individualized beagmature associated with a specific perception.
800 For example, training a brain signature in earbual areas that reflects a particular line

801 orientation can bias individuals to perceive linéshat orientation in obscured Gabor patches
802 (Shibata et al., 2011). Similarly, training the M¥Rssociated with the color red can drive

803 individuals to observe red more often than greescimomatic images (Amano et al., 2016).

804  Moreover, using DecNef to train opposite activitytihe cingulate cortex between two groups of
805  participants, researchers increased facial prefesem one group and decrease facial preference
806 in the other (Shibata, Watanabe, Kawato, & Sa2fKif). Researchers also reduced fear

807 responses by encouraging a fearful brain state¢herdreconditioning it with a monetary reward
808 (Koizumi et al., 2016). Another experiment trairgggbosing brain patterns within single subjects
809 and demonstrated bi-directional confidence judgeséapending on which brain pattern they
810 activate (Cortese, Amano, Koizumi, Lau, & Kawat612). In contrast with common fMRI-nf

811  protocols, DecNef researchers neither provideadesiy to participants nor inform them

812  regarding what the feedback represents. While thebavioral findings stand out amongst

813 fMRI-nf studies, in a number of these experimergipipants remain statistically unsuccessful
814  at modulating the brain signal of interest (Cortesal., 2017; Shibata et al., 2016). Instead of
815 imposing an overarching correlation between a nagion and behavior, DecNef is

816  personalized and data-driven; it could quickly beea prevailing fMRI-nf method.

817

818 7.2 Thefuture of behavioral fMRI-nf
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This systematic review synthesizes an eclectiorasent of experimental protocols. The
reviewed studies target an array of brain regionsassociated behaviors using a wide range of
instructions, mental techniques, reward mechaniams Jengths of training. The available
evidence suggests that fMRI-nf can help participambdulate BOLD activity from almost any
cortical region while also modifying diverse belagi To promote fMRI-nf as a clinical tool,
however, researchers must honeinspecific applications and ass#srapeutic measures,

underlying mechanisms, and replicability.

In this quest, we must consider that demonstratiatistical significance alone falls short
of implying clinical significance. For example, tatsstically significant reduction in cigarette
craving does not necessarily translate to a meanidgcrease in smoking behavior. Similarly, a
statistically significant change of a few pointssmales of affect, mood, or pain may reflect only
a negligible impact in terms of clinical outcomerfthermore, it remains to be seen whether the

effects of fMRI-nf endure in the long-term or dwiaghortly after training.

While the presence of 99 primary fMRI-nf experirteemay paint a picture of
reproducibility, few of these studies overlap stiéfintly in their methods to be considered
replications. In light of the replication crisis isychology (Open Science Collaboration, 2015),
and a hint at a similar trajectory for the neuresces (Boekel et al., 2015; Button, 2016; Button
et al., 2013), proponents of fMRI-nf would bengfieatly from pre-registering experiments and
conducting confirmatory replication studies (iwith pre-specified outcommeasures based on
the results of previous experiments). Irreprodcielsults may stem from common publication
bias (Easterbrook, Gopalan, Berlin, & Matthews, 99%hich can inflate the perceived
effectiveness of any technique—fMRI-nf includedclmical research about half of all trials go

unpublished (Riveros et al., 2013) and many pubtisstudies bolster their findings by
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842  withholding a selection of pre-specified measumeeporting additional post-hoc tests as if they
843  were confirmatory results (Goldacre et al., 2018)like in clinical trials, however, researchers
844  seldom pre-register fMRI-nf studies. Thus, we cdruadculate how many studies have yet to
845  reach publication or estimate the prevalence oftmable research practices such as optional
846  stopping (e.g., when significance tests reach@b¥and selective reporting (John, Loewenstein,
847 & Prelec, 2012; Simmons, Nelson, & Simonsohn, 20Edjtunately, fMRI-nf lacks the

848  overbearing financial conflicts of interest thah adfset the integrity of some medical research.
849  Nonetheless, at least one of the largest fMRI4udigis—which found comparable behavioral
850 benefits between placebo and veritable feedbaakpgre-remains unpublished (discussed in

851  Sulzer et al., 2013). The combination of aforenmmred issues has brought scientific research to
852  a state where “most published research findingsadse” (loannidis, 2005). While this

853  statement rings more true for some fields tharotbers, the small sample sizes and flexible

854  research designs common in fMRI-nf research ineréfas risk of false positives (Button et al.,
855  2013; loannidis, 2005). We hope that the figuredtable in this manuscript sufficiently

856  highlight the heterogeneity among fMRI-nf methodsd éindings, and that our systematic

857  appraisal prompts future replication efforts withbust controls. Pre-registered replication

858  experiments may hold the key to advancing the seieh fMRI-nf while distinguishing this

859 domain from neighboring fields on the brink of is

860 7.3 Other applications of fMRI-nf

861 Whereas this review focuses on fMRI-nf as a toahbdulate behavior, other applications
862  have cropped up in recent years (Sitaram et al.7R2@or example, studies have employed
863  fMRI-nf to help relate subjective experience anditiactivity (Garrison et al., 2013), implicitly

864  train brain activity to bias conscious perceptidm@no et al., 2016; Shibata et al., 2016) and
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confidence (Cortese, Amano, Koizumi, Kawato, & LaQ16), or act as an attentional crutch that
alerts participants when neural signatures of a&igie begin to dwindle (DeBettencourt et al.,
2015). In addition, many experiments investigatetivar combining computer classification
algorithms with fMRI-nf can allow individuals to ntrol a brain-computer interface (BCI). This
application holds particular potential for helpiegked-in patients communicate decisions to
their caregivers. Yet, whereas healthy participaatscontrol such BCls (e.g., Yoo et al., 2004),
completely locked-in patients typically have legssess (Monti et al., 2010). Moreover, as a
bed-side communication device, portable imagingatites such as EEG and functional near
infrared spectroscopy prove more practical than FlyNRaci et al., 2012). Nonetheless, fMRI-nf
holds potential as both a research tool and comeation device independent of its applications

in the domain of clinical treatment.

8. CONCLUSION

The present comprehensive review suggests that-fiilRiay develop into a powerful
biobehavioral intervention. Experiments repeatet#ignonstrate that real-time feedback allows
individuals to modulate the BOLD signal from a plata of cortical regions. And yet, BOLD
self-regulation falls short of implying behaviosalf-regulation. Our in-depth review reveals

three important lacunae in the domain of fMRI-nf:

First, replications remain sparse. Of the 99 axpemts we identified, few show overlap
across multiple factors such as brain regions tadyeontrol conditions employed, behavioral

outcomes measured, analyses conducted, and rebtdised. Until research hones in on
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standardized fMRI-nf protocols, we may attain o@guous conclusions based on the results of

disparate experiments.

Second, findings are often overstated. While tlagonity of studies do obtain some
positive results, a cohesive narrative often falgtegrate all of the outcomes regarding brain

regulation, behavioral changes, and control groups.

Third, many fMRI-nf experiments lack the criticadriables required to (i) identify
veritable neurofeedback as a necessary and sufficiechanism for learning neural self-
regulation, and (ii) demonstrate the practical vedral and clinical benefits of fMRI-nf. Only
robust and replicable experimental findings canshfMRI-nf beyond the proof-of-principle

stage toward inclusion in the clinical armamentaras a praiseworthy intervention.
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1514  Figure 2. fMRI-nf research began surging in 2013; primaryesgsh continues to rise. This

1515  graph presents the composition of fMRI-nf publioat found in our literature search.

1516

71



A. Controls employed

@ placebo-nf and mental rehersal (8)

@ placebo-nf: other brain region (12)
(placebo-nf: sham - other participant (9)
(C_Jplacebo-nf: inverse (6)
(Cplacebo-nf: sham - other (4)

@ mental rehearsal in scanner (15)

@ mental rehearsal no scanner (2)
(C_Dwithin subjects (3)

@ other (2)
@ none (38)
C. Target ROls
B. Accounted for respiration <0
15
@ regressed out (9) 10
@ global (19)
D rate (7) 5
(Cother (2)
@ none (62) 0
5832 S SSEE
e 2 o 2 'g 2 'g :‘% ©
2 E ©
1517 £ ©

1518  Figure 3. Experimental design and controls

1519  (A) Distribution of controls used in fMRI-nf studie Experiments employ no control (red),
1520 placebo-nf control (green), or non-neurofeedbacakrod (blue). Placebo-nf encompasses any of
1521  the following: (1) brain activity from a previousuicipant who received veritable feedback, (2)
1522  activity from a neural region within the particig@nbrain but distinct from the region of interest
1523  (ROIl)—often a large background area, (3) a scrathbteandom signal, or (4) the inverse of the
1524  signal of interest. Although many researchers heetérm sham-neurofeedback to describe any
1525  of the four conditions presented above, we opttha term placebo-nf to avoid confusion
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1532

1533

1534

1535

1536

1537

1538

1539

1540

1541

1542

1543

1544

1545

1546

1547

1548

(feedback from a distinct neural region remainstiogent on a participant’s brain and therefore
falls short of a true “sham”). We reserve the tesham-neurofeedback for non-contingent
feedback control methods. Less common, substandardrols include no treatment groups,
where baseline and endpoints are measured in ganed of an intervention, and mental strategy
rehearsal without neurofeedback, either inside uiside an MRI scanner. Some experiments
leverage both placebo-nf and mental rehearsal @ogitoups. Throughout the present review we
define control groups as conditions wherein paénots receive a treatment other than veritable
neurofeedback from the target ROI. We consider rotntabsent if all participants receive
genuine feedback—this includes studies that cantraalthy and patient populations, different
reward mechanisms (e.g., social vs standard: Mathiiaal., 2015), distinct target ROIs (e.g.,
Rance, Ruttorf, Nees, Schad, & Flor, 2014), or ofaetors (e.g., 3T vs 7T MRI systems: Grone
et al., 2015). A few recent experiments use withiubject controls (see introduction of section 3

for a more detailed explanation).

(B) Distribution of respiratory artifact correcticmpproaches. Some experiments effectively
remove respiratory artifacts using additional imstents and algorithms (regressed out), others
subtract the activity from a large background radio account for global changes in the BOLD
signal (subtraction), and a few statistically amelydifferences in respiration rates between
conditions (rate). Accounting for respiration atfs guards us from confounding

cardiorespiratory influences with neural activityregards to the BOLD signal.

(C) Target ROIs for self-regulation. This graph idep the brain regions trained in fMRI-nf
experiments (see Table 1 for the precise ROIs usedch study). If an experiment trained more
than one ROI, we included both in this graph (thhg, total number of ROIs in this graph

exceeds the 99 experiments analyzed). Some exp#amdentify ROIs specific to each
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1549  participant based on individual BOLD responses pauicular paradigm. If these ROIls spanned
1550  multiple cortical regions across participants, &beled them as “individual” in the graph. Six
1551  experiments present feedback based on measurasaatiohal connectivity between ROIs (Kim
1552 et al., 2015; Koush et al., 2013, 2017; Megumilget2®15; Spetter et al., 2017; Yamashita et al.,

1553  2017); the graph includes all ROIs for these studie

1554
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A. Overall learned B. Compared C. Compared

BOLD regulation to baseline to first trial
. @ Yes (57) @ Yes (26)
@@ Yes/No (3) @@ Yes/No (4)
@ Yes (64) @B No (11) @B No (7) @B No (17)
™ Yes/No (23) @B Do not report (1) @B Do not report (32) @B Do not report (52)
D. Linear improvement E. Compared to Control
@ Yes (24) @ Yes (36)
™ Yes/No (1) @ Yes/No (2)
@ No (11) @B No (7)

@B Do not report (63) @B Do not report (17)
@ No control (37)

1555

1556  Figure 4. Methods of measuring BOLD regulation. In most experiments, participants learn to
1557  modulate the BOLD signal according to at least stad¢istical test (A). Graph A synthesizes the
1558  data from graphs B-E labelirfyes” if one or more of the four measures (B-E) are tpasiand

1559 none negative; “No” if one or more of the four m@&&s are negative and none positive;

1560 “Yes/No” if there are at least one negative and at leastpas#ive result, or one or more
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1561

1562

1563

1564

1565

1566

1567

1568

1569

1570

1571

1572

1573

1574

1575

“Yes/No” results; andDo not report” if the publication does not report on BOLD reguatiof

the target ROI. Graphs B-E employ the lab¥es/No” for experiments where the analysis
divides participants into a group that learned l&tipn and one that did not. Graph E includes
experiments with no control group. Notably, we ledefindings as non-significant if they were
trending toward significance (e.g., Hamilton ef 2016) or lost significance after accounting for
multiple comparisons (e.g., Paret, Klitsch, et 2014). We also labeled neural regulation
compared to controls as “Do not report” if statiaticomparisons between experimental and
control groups were absent (even if experimentdigyants improved and control participants
did not). Of the 99 experiments we reviewed, nast &ll four of these measures, 26 test three,
45 test two, 27 test one, and 1 tests none. Ath®analyses they perform, 67 of the experiments
compare feedback trials to a baseline measurepdipare a later trial to the first neurofeedback
trial, 36 measure if regulation improved lineartya@ss trials, and 45 statistically compare results
from control and experimental groups. Only ten Esiccompared neither to baseline nor first

trial.
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1584

1585

1586

1587

1588

A. Overall successful B. Compared to C. Compared
behavioral change baseline or first trial to control

@D Yes (44) @ Yes (41) @D Yes (24)

@ Yes, no statistics (3) @B No (15) @ No (11)

@B No (15) @B Do not report (3) @B Do not report (6)
@ No behavior measure (37) @ No control (18)

Figure 5. Behavioral modulation via fMRI. Of the 59 fMRI-nf experiments that take pre-post
behavioral measures and use statistical analyges@¢Ae compare endpoints to measures taken
at baseline, the first trial, or REST blocks (Bhdasome contrast experimental and control
groups (C). We label studies as including a behaliimeasure if they test changes in behavior
between at least two time points. We label testpa@stive if group level statistics reveal
significance, but not if significance appears oimya subset of participants, such as “learners”
(e.g., Robineau et al., 2014). In graph A only, imaude publications that report a change in
behavior without any supporting significance tegtiGraph A includes all 99 studies; graphs B
and C include the 59 studies that statistically tehavior. Of these 59 studies, 32 test post-
treatment behavior compared to both controls ana baseline or first trial while 27 test only

one of these options.
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1589

A. Transfer session B. Follow-up measures

@ Successful (23) @B Multiple (3) C__JFC (3)
@B Not Successful (11) @3 ROI BOLD (2) @B None tested (75)

@ Not tested (58) Behavior (9)

C. Participant distribution

@ Nicotine addiction (5) () ADHD (2) @ Tinnitus (2)
() Depression (4) @ Parkinson’s (2) () Other patient (7)
(—_) Schizophrenia (2) (___J Obesity (2) @ Healthy (71)
@ Chronic pain (2)

1590
1591  Figure 6. The clinical feasibility of fMRI-nf depends on wther participants can continue to

1592 modulate their brain activity in the absence ofdfesck (A), whether neural self-regulation,
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1593  behavioral impacts, and changes in brain netwoeksigt beyond the day of training (B), and
1594  whether patient populations can benefit (C). Thibsee graphs depict the portion of fMRI-nf

1595  experiments that test feasibility measures.

1596

1597
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1598

1599

1600

1601

1602

1603

1604

1605

1606

1607

1608

Genuine neurofeedback

Artifacts (respiration, muscle)
Mental techniques
Placebo-nf

- Theory behind NF
BOLD # Actual measurements
Regulation = ~ == == Actual correlations
~
| ~
~
| ~

Neural Behaworal Chnmal
fMRI-nf | e——- ) ---’b» ---’p
Regulation Outcomes Improvement
Clinical significance
Transfer runs

Follow-up measures
Patient samples

~

Placebo-nf
Psychosocial influences
Genuine neurofeedback

Figure 7. In theory, fMRI-nf trains neural regulation, whidh turn, alters behavior and
improves clinical conditions (black arrows). In gtiee, however, researchers measure a proxy
for neural activity (the BOLD signal), which is septible to contamination from a number of
artifacts including respiration and cardiovascutdiluences. Moreover, studies can only identify
neural regulation as the driver of behavioral amichl change if they account for various factors
(listed in italics). These control measures camp lestablish the presupposed link between neural

regulation and behavioral outcomes (see Box lraample of an ideal fMRI-nf experiment).
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Box 1. An exemplary fMRI-nf experiment

Here we describe a feasible hypothetical studilmald help elucidate many of the questions
that continue to linger in the field of fMRI-nf. Ehillustrative paradigm investigates the potentis|
down-regulate ACC activity to reduce smoking.

Control groups. To best disentangle the mechanisms underlyingodreefits of fMRI-nf, an ideal
experiment would employ several of the followinghttol groups: (1) annversegroup receiving
positive feedback for up-regulating the ACC, (2)nan-contingent-shangroup presented with
feedback from a previously recorded participan),g8ontingent-placebgroup receiving feedbacgk
from a brain region largely independent of the ACA},amental rehearsagiroup who, in the absence
of feedback, perform cognitive techniques knowmimdulate ACC activity, and (5) @o treatment
control group. We recognize that including all bese control conditions would be prohibitively

expensive and time-consuming for many researchpgtotihus, here we propose an experimegntal
design using one of the strongest of these conirolerse According to the theoretical foundation [of
neurofeedback, if experimental and inverse groupessfully learn to control ACC activity |n
opposing directions, we would expect opposing bemalvresults between groups. While an inverse
condition raises ethical concerns, participanteaaly train regulation in opposing directions across
fMRI-nf experiments. The theory that negative outes will manifest, however, has yet to gain

empirical footing (see Hawkinson et al., 2012; il et al., 2016 for a detailed discussion).|To
further ensure no harm, researchers can test lehtavoughout training, terminate the experiment if
substantial negative effects emerge, and offer igemf training to all participants after the
experiment. As the case for all placebo-nf opti@msinverse group also comes with drawbacks. This
control cohort may end up worse off than a no-ni@dback control group and thus provide|an
imperfect reference point. To account for physialabconfounds, all participants would wear a

respiration belt and researchers would regresamitéictual BOLD activations that parallel the time
course of respiratory volume. Only smokers wouldippate.

Variables and time-points. Our ideal experiment would measure BOLD activityC@ activity
during rest and regulation blocks), behavioral dest (cigarette craving, number of cigarettes
smoked), and subjective placebo factors (parti¢ipaotivation, faith in neurofeedback, belief that
they received genuine feedback, and effort exer@ltiimeasures would be collected at multiple time
points (before neurofeedback, during training, irdrately after training, and at a follow-up sess#&on

few months after training).

Analyses: The researchers would perform four main analyésts, both within and between

experimental and control groups: (1) Comparing A@@ulation across time-points; this analysis
would reveal whether fMRI-nf improves BOLD regutati and how much participants retain this
capacity. (2) Comparing cigarette cravings and remab cigarettes smoked across time-points; [this
analysis would probe whether neurofeedback alt#iteades and behaviors in a clinically meaningful

way. (3) Testing the degree of correlation betwA&C regulation and smoking behavior, as wel| as
between placebo factors and smoking behavior; thes¢yses would help disentangle the relative
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conditions.

contributions of BOLD regulation and psychosoci#luences in determining behavioral outcom
(4) Comparing subjective attitudes and expectatioetsveen experimental and control groups:
analysis would test whether psychosocial influensese comparable under genuine and invg

es.
this
2rse

1609

Box 2. Best Practice Checklist for fM RI -nf

Pre-registration

11

Pre-register the experiment and analyses on aoptauch as
www.osf.io, as an RCT (e.g., on clinicaltrials.gow) by
submitting aregistered report

1.2

In a publication, report which analyses were pigstered and
which were exploratory.

Samplesize

2.1

Justify with a power analysis based on an expeeffedt size or
label the experiment as a pilot study.

Control measures | 3.1 | Record and regress cardiorespiratory artifactobtite BOLD
signal for each individual.

3.2 | Quantify and correct for head motion.

3.3 | If training sensorimotor cortices, measure musctevigy with an
EMG.

3.4 | Report condition and group effects for control mees.

Control groups 4.1 | Employ a placebo-nf control group. Alternativelgeua specializec
design that largely controls for non-specific efée@.g., a within-
subjects control as in Koizumi et al., 2016).

4.2 | In clinical efficacy studies, employ a standardeafe intervention
group as a benchmark for improvement.

4.3 | When leveraging a placebo-nf control group, emplapuble-
blind design and test whether participants and ex@aters
remain blinded. When feasible, blind the statiaticanalyzing the
data (i.e., a triple-blind design).

4.4 | Collect data on psychosocial factors (e.g., pgréict motivation,
faith in neurofeedback, effort exerted, subjectease of success).

BOLD data 5.1 | Collect and report the feedback signal as displayede subject
for: (i) a pre-training baseline, (ii)) REST blocksi) REGULATE
blocks, (iv) a post-training transfer run withowunofeedback, anc
(v) follow-up, when feasible.

Behavioral data 6.1 | Include measures of clinical significance, idestifa priori, and
describe whether they were reached.

Outcome 7.1 | Report regulation success based on the feedbacél sligplayed tg

measur es the subject.

7.2 | Run correlational analyses between regulation sscard

behavioral outcomes.
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1610

7.3

Report p-values and effect sizes for all analysgfopmed. Include
corrections for multiple comparisons.

Note, this checklist represents recommendations/. oRuture reports may benefit fro

following a number of these best practices andtifiegmg and discussing which items they ¢

and did not accommodate.
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1611

1612

1613

1614

1615

1616

1617

1618

1619

Table 1. This spreadsheet contains the references foralex@eriments reviewed as well as the
information collected from each study used to poedthe figures and numbers we reference

throughout this article.

Supplementary Table. This spreadsheet contains demographic informatioluding the age

and gender of participants for all 99 experimefis. age, we include the mean and standard
deviation, if provided. Many experiments report #ge of the genuine-nf and control groups
separately; in that case, we included the ageeof@muine-nf group. Some articles only provide

the age range of participants
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Highlights

» We conducted a systematic review of 99 fMRI neurofeedback (fMRI-nf) experiments
» fMRI-nf successfully drives BOLD regulation and behavioral change

» BOLD regulation guarantees neither neural regulation nor clinical improvement

» Psychosocial factors may contribute to regulation of BOLD signal and behavior

» Efficacy remains undetermined because few studies test for clinical significance
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