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Abstract Accumulating evidence shows a positive relation-
ship between mindfulness and explicit cognitive functioning,
i.e., that which occurs with conscious intent and awareness.
However, recent evidence suggests that there may be a nega-
tive relationship between mindfulness and implicit types of
learning, or those that occur without conscious awareness or
intent. Here we examined the neural mechanisms underlying
the recently reported negative relationship between disposi-
tional mindfulness and implicit probabilistic sequence
learning in both younger and older adults. We tested the hy-
pothesis that the relationship is mediated by communication,
or functional connectivity, of brain regions once traditionally
considered to be central to dissociable learning systems: the
caudate, medial temporal lobe (MTL), and prefrontal cortex
(PFC). We first replicated the negative relationship between
mindfulness and implicit learning in a sample of healthy older
adults (60–90 years old) who completed three event-related

runs of an implicit sequence learning task. Then, using a seed-
based connectivity approach, we identified task-related con-
nectivity associated with individual differences in both learn-
ing and mindfulness. The main finding was that caudate-MTL
connectivity (bilaterally) was positively correlated with learn-
ing and negatively correlated with mindfulness. Further, the
strength of task-related connectivity between these regions
mediated the negative relationship between mindfulness and
learning. This pattern of results was limited to the older adults.
Thus, at least in healthy older adults, the functional commu-
nication between two interactive learning-relevant systems
can account for the relationship between mindfulness and im-
plicit probabilistic sequence learning.

Keywords Implicit learning .Mindfulness . Functional
connectivity

Introduction

Mindfulness refers to the ability to stay attentive and receptive
to events and experiences taking place in the present (Brown
& Ryan, 2003). However, in the mindfulness literature there
are distinctly different uses of the term Bmindfulness.^ For
example, dispositional mindfulness refers to naturally occur-
ring variation among individuals in their propensity for mind-
fulness. In contrast, mindfulness can also be cultivated
through training. The present study focuses on dispositional
mindfulness. As a general construct, mindfulness has gained
popularity in recent years because mindfulness training is as-
sociated with a number of positive emotional and cognitive
health outcomes. For example, it improves explicit cognitive
functioning, or that which occurs with conscious intent and
awareness (e.g., Jha, Stanley, Kiyonaga, Wong, & Gelfand,
2010; Mrazek, Franklin, Phillips, Baird, & Schooler, 2013;
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Mrazek, Smallwood, & Schooler, 2012; Schmertz, Anderson,
& Robins, 2009). However, two recent studies have reported a
negative relationship between dispositional mindfulness and
implicit types of learning and memory, or those that occur
without conscious awareness or intent (Stillman, Feldman,
Wambach, Howard, & Howard, 2014; Whitmarsh, Uddén,
Barendregt, & Petersson, 2013). This apparent dissociation
between implicit and explicit processes raises the possibility
that mindfulness is not beneficial to all cognitive domains.

The negative relationship between dispositional mindful-
ness and implicit probabilistic sequence learning (IPSL) re-
ported in Stillman et al. (2014), and the potential neural mech-
anisms behind it, are the focus of the present functional mag-
netic resonance (fMRI) study. In particular, we examine
whether the relationship is mediated by communication, or
functional connectivity, among three brain regions: the cau-
date, prefrontal cortex (PFC), and medial temporal lobe
(MTL). At the core of our hypothesis regarding these regions
is the fact that the PFC andMTLwere once considered central
regions of a distinct learning system which competes with the
Bimplicit^ learning system supported by the caudate for con-
trol of behavior (Squire, 2004). However, recent views have
challenged this simplistic process-pure distinction, positing
that the MTL and PFC are also involved in aspects of implicit
processes (e.g., Henke, 2010). Thus, we hypothesized that the
relative balance of the MTL and caudate-based learning sys-
tems (perhaps fostered by their functional connectivity) is the
neural mechanism by which mindfulness is negatively asso-
ciated with IPSL.

Functional connectivity and implicit learning

Caudate-MTL connectivity There is evidence that the bal-
ance between these interacting learning systems is important
for IPSL. The caudate’s involvement in this type of learning is
well established (Gamble et al., 2014; Rieckmann, Fischer, &
Bäckman, 2010; Simon, Stollstorff, et al., 2011; Simon,
Vaidya, Howard, & Howard, 2012). However, there is also
evidence that the MTL, a region once thought to exclusively
support functions of the explicit learning system, supports
components of IPSL as well. For example, studies have shown
that the MTL is coactivated with the caudate during IPSL
tasks, and that a specific temporal pattern of activation in these
regions is associated with learning outcomes (Albouy et al.,
2008; Gheysen, Van Opstal, Roggeman, Van Waelvelde, &
Fias, 2011; Poldrack et al., 2001; Rieckmann et al., 2010;
Rose, Haider, Weiller, & Büchel, 2002; Schendan, Searl,
Melrose, & Stern, 2003; Schendan, Tinaz, Maher, & Stern,
2013; Simon et al., 2012). In addition, the integrity of white
matter tracts connecting both the MTL and caudate to the
dorsolateral PFC has been shown to positively relate to IPSL
(Bennett, Madden, Vaidya, Howard, & Howard, 2011). These
seemingly paradoxical findings suggest that more

communication/coordination between regions belonging to
two interacting learning systems is beneficial for IPSL.

A recent study of resting state functional connectivity fur-
ther supports this idea in that it provides the first direct evi-
dence that functional communication between the caudate and
MTL is related to IPSL aptitude (Stillman et al., 2013).
Resting state functional connectivity refers to the measure-
ment of spontaneous neural activity in a task-free state, and
so is thought to reveal the intrinsic architecture of the brain
(Raichle, 2010). Individuals with stronger, more positive in-
trinsic functional connectivity between the caudate and right
MTL learned more on a subsequent IPSL task, suggesting that
perhaps positive connectivity between these regions prior to
learning enables them to communicate and interact more effi-
ciently during learning (i.e., promotes Breadiness to learn^).
However, this hypothesis could not be tested directly because
no fMRI data were collected while participants were
performing the IPSL task. Regardless of this limitation, these
findings add to the fMRI and diffusion tensor imaging (DTI)
evidence highlighting the importance of communication be-
tween the caudate and MTL for IPSL.

Caudate-PFC connectivity There is also evidence, albeit
more tentative, that communication between the caudate and
PFC is relevant to IPSL. One DTI study has shown that the
integrity of white matter tracts between the caudate and dor-
solateral PFC is positively related to learning, suggesting that
greater communication between these regions benefits IPSL
(Bennett et al., 2011). In contrast, behavioral studies show that
IPSL improves when the involvement of frontal brain regions
is reduced. For example, IPSL improves following inhibitory
theta burst stimulation to the dorsolateral PFC, as well as
following hypnosis, a procedure thought to disrupt the func-
tional connections of prefrontal brain regions underlying cog-
nitive control (Galea, Albert, Ditye, & Miall, 2009; Nemeth,
Janacsek, Polner, & Kovacs, 2012). While none of these stud-
ies measured functional connectivity between the caudate and
PFC directly, one potential interpretation of these results is
that less regulation of the caudate by prefrontal regions (and
perhaps less functional connectivity between them) benefits
IPSL.

Functional connectivity and mindfulness

In addition to its importance for IPSL, communication be-
tween the two learning systems may also be related to
mindfulness.

Caudate-PFC connectivity Several lines of evidence, for
example, suggest connectivity between the caudate and
PFC is relevant for mindfulness. However, there are two
opposing views regarding how connectivity between these
regions should relate to mindfulness. The Bregulatory^
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account suggests that mindfulness might increase the
PFC’s ability to exert top-down regulation of subcortical
systems (e.g., Chiesa, Serretti, & Jakobsen, 2013), and thus
predicts that mindfulness may increase PFC connectivity
to subcortical regions, thereby promoting top-down regu-
lation of functions that are otherwise habitual. In contrast,
the Breduced reactivity^ account posits that mindfulness
might reduce the need for such top-down regulation (e.g.,
Shapiro, Carlson, Astin, & Freedman, 2006), raising the
possibility that mindfulness may be associated with less
connectivity between the caudate and PFC. The majority
of evidence favors the regulatory account (Garland,
Froeliger, & Howard, 2014; Grant, Courtemanche,
Duerden, Duncan, & Rainville, 2010; Luders, Toga,
Lepore, & Gaser, 2009; Tang et al., 2009, 2010; Tang,
Tang, & Posner, 2013), but some recent evidence is con-
sistent with the reduced reactivity account (Kirk, Brown, &
Downar, 2014; Kirk & Montague, 2015; Taren, Creswell,
& Gianaros, 2013; Westbrook et al., 2013). Thus, while
caudate-PFC connectivity might be related to mindfulness,
it is ultimately hard to predict the direction of this relation-
ship based on the mixed (and predominately indirect) na-
ture of the existing evidence.

Caudate-MTL connectivity It is similarly difficult to predict
how caudate-MTL connectivity—another link between the
two learning systems—might relate to mindfulness, as few
studies of mindfulness have focused on these regions. There
is evidence, however, that the structure and functioning of the
caudate and MTL change following mindfulness training
(Holzel et al., 2011; Kirk & Montague, 2015; Lutz et al.,
2014; Pickut et al., 2013; Tang et al., 2009; Zeidan et al.,
2011). The structure of both of these regions has also been
shown to negatively relate to dispositional mindfulness (Taren
et al., 2013). This evidence, coupled with the fact that caudate-
MTL connectivity is important to IPSL, led us to reason that
caudate-MTL connectivity might be a mechanism by which
the balance of these learning systems is modulated.

Present study

The present study has three main aims. The first aim is to
replicate the negative relationship between dispositional
mindfulness and IPSL reported in Stillman et al. (2014). The
second aim is to identify functional connections during the
task related to individual differences in learning, thus extend-
ing the results reported in an earlier resting state study of the
same type of learning (Stillman et al., 2013). Finally, a third
aim is to assess whether either of the functional connections
between learning systems discussed above (caudate-PFC or
caudate-MTL)mediates the relationship between mindfulness
and IPSL.

Participants completed a self-report questionnaire
assessing their level of dispositional mindfulness. Then,
on a later day, they completed three runs of an IPSL task
while undergoing MRI. Based on the results of our previ-
ous behavioral study (Stillman et al., 2014), we predicted
that there would be a negative relationship between
mindfulness and IPSL. Based on the results of Stillman
et al. (2013) and the broader IPSL literature, we predicted
that caudate-MTL connectivity would be positively corre-
lated with learning, but that caudate-PFC connectivity
might be negatively correlated with learning. Based on
indirect evidence from the mindfulness literature, we pre-
dicted that caudate-PFC and caudate-MTL connectivity
would be correlated with mindfulness. However, we were
not able to make a clear prediction regarding the direction
of these relationships, as the existing evidence implicating
these connections is mixed and comes predominately from
studies of mindfulness training.

Materials and methods

Participants

Fifty younger adults aged 18–37 years and 51
community-dwelling older adults aged 60–90 years were
recruited from Georgetown University or the surrounding
Washington, DC area to participate in a multi-day study.
Most of these participants (N=45 younger; N=47 older)
completed an fMRI-scanning day. Exclusion criteria
included self-reported use of (1) psychotropic medica-
tions (e.g., stimulants), (2) neurological injury, disease
or psychiatric diagnosis, (3) contraindications for MRI
(e.g., presence of irremovable metal in the body), and
(4) left-handedness. Three younger and five older partic-
ipants were excluded from the final imaging sample due
to technical difficulties during scanning (N=3), inability
to complete the scan (N=2), or because it was subse-
quently determined that they met study exclusion criteria
(N=3). The final sample for the present study therefore
consisted of 42 adults in each age group (younger adult
mean ± SD age = 22.0±3.8, 29 female; older adult
mean ± SD age = 70.4±6.1, 19 female). Neuropsychological
functioning was assessed on a behavioral testing day prior to
the scan; all participants were deemed cognitively healthy
(Table 1).

All participants gave informed consent in accordance with
the guidelines of the Declaration of Helsinki and the
Georgetown University Institutional Review Board. They
were compensated with a US$50 gift card for their participa-
tion in the fMRI component of the study and US$25 for com-
pleting the behavioral components.
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fMRI paradigm and image acquisition

We measured implicit learning in the present study using a
sequence learning task called the Triplets Learning Task
(TLT). The task was a shorter and slightly modified version
from that reported in Howard et al. (2008). As shown in Fig. 1,
participants viewed four open circles on a computer screen.
The circles were displayed against a light gray background.
Each trial, or Btriplet^, consisted of three events: the sequential
presentation of two cue events, each consisting of one of the
open circles filling in red, followed by a target event in which
one of the circles filled in green. Each cue was displayed for
120 ms and the green target remained on the screen for 760
ms, with 150 ms separating each event within a trial.
Participants were instructed to observe the first two red events
and to respond to the location of the green target as quickly as
possible using spatially corresponding buttons held in the left
and right hands (two buttons in each hand). Unbeknown to
participants, some triplets occurred more often than others;
thus there was a probabilistic regularity embedded in the task.

Forty-eight triplets (out of a possible 64) were presented
(Appendix Table 2). A set of 16 triplets, referred to as Trills
(e.g., 121, 232) and Reps (e.g., 111, 222), were not presented
during the TLT task because they have been shown to have
preexisting response tendencies (D.V. Howard et al., 2004;
Soetens, Melis, & Notebaert, 2004). These triplets were, how-
ever, presented as unseen foils in a computer-based recogni-
tion task completed after the scan, as described below.

During the TLT, participants completed three runs, each
run consisting of five blocks of 48 trials, with brief breaks
provided between blocks (i.e., 240 trials in each run, and thus
720 trials total in the TLT). On half the trials in each block, one
of eight high probability (HP) triplets occurred (i.e., each HP
triplet occurred on 6.25 % of trials); on the other half of trials

one of 40 low probability (LP) triplets occurred (i.e., each LP
triplet occurred on 1.25 % of trials). The set of HP and LP
triplets was counterbalanced across participants (six possible
patterns), and all cues and targets occurred an equal number of
times. This created an 80:20 ratio of HP versus LP triplets as
in the original version of the task, but, unlike the original task,
resulted in an equal number of trials in the HP versus LP
conditions. Thus, each run was composed of 120 HP and
120 LP trials presented in a rapid, event-related design with
a temporally jittered inter-trial interval ranging from 1 to 3 s.
Trial and jitter order was presented in the same fixed,
pseudorandomized sequence for all participants, optimized
using the AFNI make_random_timing tool (Cox, 1996).
Given that the present study focused on individual differences,
we opted to present HP and LP trials in the same order for
everyone in order to ensure that any differences in learning
amongst people could not be attributed to differences in the
difficulty of various trial sequences.

The TLT was performed in a Siemen’s Trio 3-T scanner
(Erlangen, Germany). A technician positioned participants in
the supine position with a circularly polarized head coil, and
fitted padding was inserted to minimize head movements. A
mirror mounted on the head coil allowed participants to view
task stimuli during scanning.

Functional data were acquired along the AC-PC line using
T2*-sensitive gradient Echo Planar Imaging pulse sequence
with the following parameters: TR/TE = 2,500 ms/30 ms,
192 mm × 192 mm field of view (FOV), 64 mm × 64 mm
acquisition matrix, and a 90° flip angle for an effective reso-
lution of 3 × 3 × 3mm. Forty-seven contiguous 3-mm thick
axial slices were acquired interleaved in the transverse plane.
We acquired three event-related runs of the TLT, with 368
volumes per run.

Additional behavioral testing

The Mindful Attention Awareness Scale (MAAS) On the
behavioral test day occurring 1–3 days prior to the scan, par-
ticipants completed the Mindful Attention Awareness Scale
(MAAS; Brown & Ryan, 2003) to assess their dispositional
mindfulness, as well as the battery of neuropsychological tests
and questionnaires mentioned above. The MAAS is a single-
factor, self-report questionnaire designed to assess one’s ten-
dency to focus on experiences taking place in the present and
to disengage from habitual, automatic modes of functioning.
The questionnaire contains 15 items that participants rate on a
6-point Likert scale (1=almost always to 6=almost never) how
often they experience each item on a day-to-day basis (e.g., BI
break or spill things because of carelessness, not paying atten-
tion, or thinking of something else,^ BI do jobs or tasks auto-
matically, without being aware of what I’m doing,^ BI find it
difficult to stay focused on what’s happening in the present ^).
The questionnaire is scored by averaging the participant’s

Table 1 Participant demographics and neuropsychological test results

Younger adults Older adults
Measure Mean (SD) Mean (SD)

Age 22.0 (3.7) 70.4 (6.1)

Education 14.3 (1.9) 18.0 (3.0)

NAARTa 15.6 (6.4) 8.3 (5.7)

BDS 7.6 (2.2) 6.7 (1.9)

DSST 90.4 (15.1) 66.0 (14.1)

MMSE —— 29.0 (1.0)

MAAS 4.2 (.82) 4.5 (0.68)

Self-reported healthb 4.6 (.49) 4.5 (0.73)

a For the NAART, higher scores reflect worse performance. For all other
measures, higher scores reflect better performance
b Self-reported health scores ranged from 1 (poor) to 5 (Excellent)

BDS Backwards Digit Span, DSST Digit Symbol Substitution Test,
MAAS Mindful Attention Awareness Scale, MMSE Mini Mental State
Examination, NAART North American Adult Reading Test

Cogn Affect Behav Neurosci (2016) 16:736–753 739



responses across all items, with higher scores indicating
higher mindfulness. The MAAS has been validated using a
variety of subject populations, including healthy younger and
older adults (Brown & Ryan, 2003; Shaurya Prakash, De
Leon, Klatt, Malarkey, & Patterson, 2012), and has been
shown to have good psychometric properties (Brown &
Ryan, 2003; Carlson & Brown, 2005).

Practice TLT Just prior to the scan, participants completed an
abbreviated practice run of the TLT in a mock scanner within
the imaging facility to ensure that they were comfortable in a
scanning environment and understood the task instructions.
The practice task was identical to the version of the TLT de-
scribed above, except that there was no probabilistic regularity
that could be learned (i.e., the 48 triplets that would occur later
in the TLT were presented at random) and participants com-
pleted only 96 trials.

Computer-based recognition task and interview Following
the scan, participants completed two sensitive measures to
assess their explicit awareness of the probabilistic regular-
ities in the TLT. Computer-based recognition was the main
assessment of explicit awareness and so was administered
first. During the computer-based recognition task, partici-
pants were shown all 48 triplets that occurred during the
scan, as well as the remaining possible 16 triplets that had
never occurred (as described above); after each, partici-
pants indicated via keyboard button press whether they
thought that triplet had occurred frequently (B2^) or infre-
quently (B1^). Participants observed the entire triplet be-
fore making a frequency rating during the recognition task.
We did not have the participants respond to the stimuli
during this recognition phase, because we did not want
them to be able to base their ratings on feelings of famil-
iarity or response fluency, which could involve implicit

knowledge. The task was therefore designed to probe for
explicit/declarative knowledge of the triplet frequencies
while minimizing implicit contamination (for discussion
see Cohen & Curran, 1993; Perruchet & Amorim, 1992;
Perruchet & Gallego, 1993; Willingham, Greeley, &
Bardone, 1993).

After completing the computer-based recognition task, par-
ticipants were asked a series of increasingly leading questions
to probe for strategy use and explicit knowledge. Questions
ranged from general (e.g., BDo you have anything to report
regarding the task?^) to highly specific (e.g., BIn fact, there
were some regularities or Btriplets^ that occurred more often
than others. Can you name them?).

Image analysis

Preprocessing The first two images of each functional task
run were discarded prior to preprocessing, as they had been
included for signal stabilization. Preprocessing was con-
ducted using SPM8 (Wellcome Department of Neurology,
London, UK) implemented in Matlab (Version 2013a
Mathworks, Inc., Sherborn, MA, USA). Images were
corrected for slice timing and motion, normalized to an
EPI template, and resliced to a 3 mm3. The images were
then smoothed using a Gaussian kernel with full width at
half maximum of 8 mm, and temporally filtered with a
highpass filter >.01 Hz.

In the first level analysis we included time series from
white matter and CSF segmentations of the MPRAGE image
(Van-Dijk et al., 2010) and six motion parameters as regres-
sors of no interest to account for motion and physiological
noise. To further control for the spurious effects of motion,
volumes exceeding a threshold of >.5 mm framewise dis-
placement were deweighted prior to the calculation of connec-
tivity values (Power, Barnes, Snyder, Schlaggar, & Petersen,

Fig. 1 The Triplets Learning Task (TLT). On each trial, participants
observe the first two red cues and then respond to the location of the
green target. These discrete, three-event sequences are called Btriplets.^

Unbeknown to participants, certain triplets occur with high frequency and
others with low frequency in the task
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2012). The global signal was not included as a nuisance signal
since recent work has suggested that this procedure may re-
duce the accuracy of connectivity estimates (Saad et al.,
2012).

Seed region-of-interest-creation A bilateral caudate seed re-
gion of interest (ROI) including head of the caudate was cre-
ated using the anatomical AAL atlas includedwithin theWake
Forest University (WFU) pickatlas toolbox implemented in
Matlab2013a (Maldjian, Laurienti, & Burdette, 2004;
Maldjian, Laurienti, Kraft, & Burdette, 2003; Tzourio-
Mazoyer et al., 2002). The caudate was chosen as the seed
given its well established role in implicit sequence learning in
older and younger adults (Aizenstein et al., 2006; Rieckmann
et al., 2010; Schendan et al., 2013; Simon, Stollstorff, et al.,
2011; Simon et al., 2012), as well as our a priori hypotheses
regarding the relevance of functional connectivity between the
caudate and medial temporal/prefrontal cortex to individual
differences in learning.

Functional connectivity calculation For each participant and
for each run, partial correlations were conducted between the
bilateral caudate seed time series and that of every other voxel
in the brain, while partialling out motion and physiological
noise time courses. The resulting r values were converted to
Z-scores using Fisher’s r to z transformation to increase nor-
mality of the distribution and allow for further statistical anal-
yses of correlation strengths. This produced a whole brain
map of the seed’s connectivity during each run of the TLT
for each participant.

Primary statistical analyses

Calculating implicit learning Learning in the TLT was
assessed by comparing reaction time (RT) to HP versus LP
triplets. Following previous work, we first calculated median
RTs for correct responses to each triplet type in each block of
48 trials (e.g., J.H. Howard Jr. et al., 2008; Simon, Howard, &
Howard, 2011). We then averaged these block medians,
obtaining a single mean RT for each participant, for each of
the two triplet types for each run. A RT difference score (LP
minus HP triplet RT) was then computed for each run; thus,
higher scores indicate higher learning. Difference scores from
the final run (run 3) were used as the learning outcome mea-
sure for all analyses reported below, as scores in the final run
are thought to represent the cumulative amount learned at the
end of exposure to the probabilistic regularity in the task.
Throughout the rest of the paper, unless otherwise noted, we
use the term learning score to refer to this run 3 difference
score between RT on LP minus HP triplets.

Connectivity correlations with implicit learning In order to
examine task connectivity of the caudate seed that was

correlated with individual differences in learning (aim 2), par-
ticipants’ whole brain connectivity maps were entered as the
dependent variable into an ANCOVA model using the
GLMFlex toolbox for SPM8 (http://mrtools.mgh.harvard.
edu/index.php/GLM_Flex). Second-level models created
using this toolbox include additional corrections for
between-subjects and within-factor error, thus reducing the
chances of false positives compared to second-level repeated
measures analyses conducted in SPM. Learning scores were
included as a covariate of interest, while participants’ age and
mean task speed were included as covariates of no-interest for
all analyses. Results were first assessed at the whole brain
level. We then conducted a follow-up analysis in which we
repeated the ANCOVA described above, this time restricting
the results to specific prefrontal regions using an anatomically
defined mask. The frontal mask was created using the AAL
atlas within the WFU pickatlas toolbox for SPM and included
bilateral oribitofrontal, anterior cingulate, middle frontal, and
superior frontal cortices. These regions were chosen because
their activity, connectivity, and/or volume have been shown to
be modulated by mindfulness training or to co-vary with dis-
positional mindfulness (for reviews see Tang & Posner, 2012;
Vago & David, 2012).

Monte Carlo-based correction for multiple comparisons
(Ward, 2000) was carried out using tools implemented in
Analysis of Functional Imaging (AFNI) software (Cox,
1996). Briefly, we estimated the smoothness of the
preprocessed data (3dfwhmx utility), and then conducted 10,
000 simulations of random noise activations with that same
smoothness and within the same whole-brain volume as the
primary analyses (3DClustSim tool). These simulations re-
vealed that clusters exceeding both a voxelwise alpha of
p<.0005 and a size of 64 voxels occurred less than 5 % of
the time, corresponding to a p<.05 whole brain cluster-level
significance threshold. Unless otherwise noted, the results re-
ported below are corrected using this threshold.

Results

Did participants learn?

Combined sample Accuracy was very high (M = .91, SD =
.07), so few trials were eliminated. Younger adults (M = .92,
SD = .05) were marginally more accurate than older adults on
the task (M = .90, SD = .09; t(82) =1.69, p = .06).

An independent sample t-test on learning scores (i.e., run 3
difference score between RT on low minus high probability
triplets) revealed that younger adults (M = 13.44, SD = 14.43)
learned significantly more than older adults (M = 4.44, SD =
20.36; t(82) =2.32, p = .02). Learning was negatively corre-
lated with both age, r(84) = −.25, p = .02, and education, r(84)

Cogn Affect Behav Neurosci (2016) 16:736–753 741

http://mrtools.mgh.harvard.edu/index.php/GLM_Flex
http://mrtools.mgh.harvard.edu/index.php/GLM_Flex


= −.24, p = .03. There was also a marginal positive correlation
between learning and DSST scores, r(84) = .19, p = .08.

Younger adults A one-sample t-test revealed that learning
scores were significantly greater than zero, t(41) = 6.04,
p<.001, indicating that younger adults learned as a group.
However, there was inter-individual variability in learning
within the group (LP-HP difference scores ranged from
−19ms to 44.6ms). Learning scores were correlated with mean
task accuracy, r(42) = −.44, p =.004, and marginally correlated
with BDS performance (r(42) = .27, p=.09). There were no
other correlations with any of the remaining measures report-
ed in Table 1, nor with average speed (ps>.13).

Older adults A one-sample t-test revealed that, on average,
learning scores did not differ significantly from zero, t(41)
=1.4 , p =.16, suggesting that there was no learning in the
older adult group on average. However, there was substantial
inter-individual variability in learning performance (range of
LP-HP difference scores = −32.5 ms to 44.3 ms). Difference
scores were not correlated with any of the neuropsychological
measures reported in Table 1, nor were they correlated with
age, mean task reaction time, or mean task accuracy (all ps
>.12), suggesting that individual differences in these measures
cannot account for the wide range of scores observed in this
group.

Was learning implicit?

Combined sample Participants’ mean frequency ratings on
the computer-based recognition task were entered into a
mixed effects ANOVAwith Age Group (younger, older) as a
between-subjects factor and Triplet Type (HP, LP, and unseen
foils) as a repeated-measures factor. There was a main effect of
triplet type, F(2,164) = 29.00, p < .001, demonstrating that
ratings differed across the three types of triplets presented
during the recognition task. Follow-up t-tests revealed that
participants rated both HP, t(83) =5.72, p <.001, and LP,
t(83) = 6.89, p <.0001, triplets as having occurred more than
the unseen foils, and there was no difference in ratings be-
tween HP and LP triplets, t(84) = .92, p =.36. There was also
a marginal Age Group × Triplet Type interaction, F(2,164) =
2.77, p = .07. We examined the nature of this interaction by
conducting separate ANOVAs on each age group below.

Younger adults A one-way ANOVA on frequency ratings in
younger adults revealed a main effect of Triplet Type, F(2,82)
= 19.80, p <.0001. Follow-up t-tests demonstrated that youn-
ger adults rated unseen foils significantly lower (M = 1.39, SD
= .19) than they rated LP (M = 1.58, SD = .13; t(41) =6.08, p <
.001) and HP (M = 1.57, SD = .22; t(41) =4.30, p < .001)
triplets that they had seen during training. However, there

was no difference in their ratings to HP and LP triplets, t(41)
= .21, p =.83.

Older adults A one-way ANOVA on frequency ratings in
older adults also revealed a main effect of Triplet Type,
F(2, 82) = 8.87, ηp

2 = .18, p <.0001. Follow-up t-tests
revealed that, as was also the case for younger adults, older
adults rated unseen foils significantly lower (M = 1.46, SD
= .25) than they rated the LP (M = 1.54, SD = .22; t(41)
=3.12, p =.003) and HP triplets (M = 1.58, SD = .26; t(41)
= 3.5, p =.001), yet there was no difference in their ratings
to HP and LP triplets, t(41) = 1.7, p =.11. The difference in
ratings between Seen (HP and LP) versus Unseen (foils)
triplets, however, was significantly greater for younger (M
= .19, SD = .19) than for older adults, (M = .09, SD = .17);
t(82) = 2.50, p =.01). This suggests that the interaction
reported above was driven by the fact that younger adults
were better able to distinguish (in general) which triplets
had/had not occurred during the TLT task.

This pattern of results suggests that participants in both
groups understood the instructions for the recognition task
and were complying with them. Critically, however, there
was no difference in ratings of the HP versus LP triplets for
either group (ps>.11), suggesting that participants could not
report which had occurred more often in the task, even though
they could reliably distinguish between triplets they saw dur-
ing training and those they did not.

To further check for explicit awareness at the individual
level, we computed recognition difference scores for each
participant comparing their mean frequency ratings to LP ver-
sus HP triplets, as well as unseen foils versus seen (HP and
LP) triplets. Neither score was significantly correlated with
our measure of implicit learning, either in the combined group
or within each age group (ps>.14), suggesting that the learning
scores are not tapping explicit awareness.

We also conducted a verbal interview for signs of aware-
ness. Of the 42 younger participants, 11 were able to report at
least one HP triplet (max = 3), and several reported noticing a
pattern in the task. Thus, there was some evidence of aware-
ness from the verbal interview in the younger adults. In con-
trast, of the 42 older adults, only two were able to name a HP
triplet (one reported one HP triplet, and one reported two HP
triplets), and only one participant reported noticing a pattern in
the task. Beyond this, however, older participants were unable
to accurately describe the regularity in the TLT. Overall then,
the recognition data suggest that learning in the TLT was
largely implicit, particularly for the older group.

Aim 1: Is implicit learning correlated with mindfulness?

Combined sample Consistent with our prediction (aim 1), as
well as the results of Stillman et al. (2014), a correlational
analysis revealed that participants’ learning scores were
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negatively correlated with their MAAS scores, r(84) = −.24, p
=.03. This relationship was only marginal in a partial correla-
tion controlling for age and mean task speed, r(80) = −.19, p =
.08.We next examined whether this mindfulness/learning cor-
relation held for each age group separately.

Younger adults There was no significant relationship be-
tween mindfulness and learning in the younger adults, r(38)
= −.02, p = .92 . Thus, we failed to replicate the negative
relationship found in our earlier studies for this age group.

Older adults Consistent with our hypothesis and earlier
study, older adults’ learning scores were negatively corre-
lated with their MAAS scores, r(42) = −.35, p =.02 (Fig. 2,
panel A). The relationship remained significant in a partial
correlation controlling for age and mean task speed, r(38)
= −.36, p =.02.

In addition to examining the relationship between mindful-
ness and implicit learning, we also tested for a relationship
between HP versus LP recognition difference scores (a mea-
sure of explicit awareness of the triplet frequencies) and
MAAS scores. There was no significant relationship between
mindfulness and recognition scores in the combined (r(80) =
−.03, p = .80), younger adult (r(38) = .04, p = .80), or older
adult sample (r(38) = −.12, p = .47; Fig. 2, panel B), suggest-
ing that the negative relationship between mindfulness and
implicit learning on the TLT does not extend to explicit
awareness.

Approach for remaining aims The remaining analyses fo-
cus only on the older adult sample for several reasons. The
main reason is that the critical relationship of interest –that
between mindfulness and learning – was significant in the
older group, as well as in the combined sample, but it was
not significant in the younger group. Thus, the correlation
between mindfulness and learning in the combined sample
seems to have been driven by the older adults. For this
reason, we decided that focusing on the older adults for
the remaining aims would most accurately represent the
data, a point considered more fully in the discussion.
Nonetheless, we did calculate all of the analyses on the
combined data from both groups (not reported here), and
the pattern of results we report was similar to that reported
below for the older adult sample.

An additional reason for focusing only on the older
group is that we found some limited evidence of explicit
awareness in the younger adults, as evidenced by their
questionnaire responses described above, whereas the im-
plicit nature of learning was better established for the older
group. Finally, learning in the younger adults was related
to mean task accuracy and (marginally) to BDS scores,
whereas it was unrelated to any other measures for older
adults, which complicated combining the groups.

Aim 2: Does caudate functional connectivity relate
to implicit learning success in older adults?

Whole brain results Consistent with our hypothesis, the
ANCOVA results in which learning scores and run were co-
variates of interest, and age and speed were nuisance covari-
ates, revealed an effect of learning in the left (peakMNI x, y, z
= −24, −13, −17; k = 177) and right (peak MNI x,y,z = 45,
−13, −26; k = 69) medial temporal lobes (MTL). These were
the only two clusters to survive whole brain correction, and
there were no other significant effects or interactions. The lack
of a learning × run interaction implies that stronger, more
positive connectivity between the caudate and MTL during
all runs of the TLT is associated with better learning in the
final run. This implication was subsequently confirmed with
follow-up analyses assessing the correlation between learning
and caudate-MTL functional connectivity in each run individ-
ually (rs> .41, ps < .006). Since the relationship was consistent
across all runs, the cross-run average connectivity between the
caudate and MTL clusters is presented in Fig. 3a and is used
for the mediation analyses reported below.

Prefrontal-specific result Contrary to our hypothesis, the
whole brain analysis did not reveal any prefrontal clusters
whose connectivity to the caudate seed co-varied with indi-
vidual differences in learning. However, when we conducted
the follow-up ANCOVA using a prefrontal mask (because we
also had a specific a priori hypothesis about caudate-PFC
connectivity) this analysis revealed a cluster in the anterior
right middle/superior frontal gyrus (BA10; peak MNI x,y,z =
30,59,19; k = 201) whose connectivity with the seed was
positively correlated with learning (Fig. 3b). The cluster sur-
vived a Monte Carlo-based correction threshold calculated for
the masked volume at p < .05 (corresponding to an uncorrect-
ed threshold k = 103, p = .005).

Additional follow-up analyses When we re-ran the main
ANCOVA model reported above using run-specific learning
scores, no effects survived correction. Thus, connectivity be-
tween the caudate and MTL at all runs was associated with
learning scores from the final run, but connectivity during
each run was not correlated with the learning scores from that
particular run. One possible explanation for this pattern of
results is that the strength of connectivity between the caudate
and MTL supports learning before the behavioral effects of
this learning are observable (at least in some individuals).

Importantly, however, a similar pattern of results to that
reported above emerged when we repeated the analyses using
fMRI data from Run 3 only, examining its relationship to Run
3 learning scores (Supplementary File 1). Thus, the pattern of
results reported in the main model is not driven by the inclu-
sion of fMRI data from all task runs.
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Do the functional connections related to learning success
also relate to mindfulness in older adults?

Having identified three functional connections associated
with learning, we next tested whether the strength of any of
these connections was also associated with mindfulness.
We found that caudate-lMTL (r(42) = −.36, p =.02) and
caudate-rMTL connectivity (r(42) = −.36, p = .02) were
negatively correlated with mindfulness (Fig. 4). However,
caudate-BA10 connectivity was not correlated with mind-
fulness (r(42) = −.19, p = .23).

Aim 3: Does functional connectivity mediate
the learning-mindfulness relationship in older adults?

Finally, we tested the two functional connections correlated
with both mindfulness and learning (caudate-lMTL, caudate-
rMTL) as mediators of the relationship between these two
behavioral variables (Fig. 5a). We did not examine the
caudate-BA10 connection identified as correlating with IPSL
above, because it did not correlate with mindfulness scores,
indicating it did not qualify as a potential mediator (Baron &
Kenny, 1986).

Fig. 2 (a) Self-reported mindfulness is negatively correlated with implicit learning in older adults. (b) Mindfulness is not correlated with recognition
scores (a measure of explicit learning)

Fig. 3 Task-related functional connectivity of the caudate is associated
with individual differences in implicit learning in older adults. (a)
Functional connectivity (FC) of the caudate to the left (peak MNI x,y,z
= −24, −13, −17; k = 177) and right (peak MNI x,y,z = 45, −13, −17; k
=69) medial temporal lobe (MTL) was positively associated with learning
in the Triplets Learning Task (TLT). The clusters were corrected for
multiple comparisons at a whole brain threshold of P<.05. (b)

Functional connectivity of the caudate to the right medial/superior
frontal gyrus (BA10; peak MNI x,y,z = 30,59,19; k = 201) was
positively associated with learning in the TLT. This cluster was
identified using a frontal mask, and was corrected for multiple
comparisons within the masked volume at P<.05. Pearson’s r values are
shown for descriptive purposes only in both panels
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Each potential mediator was tested in a simple mediation
model by calculating bias-corrected 95% confidence intervals
(CIs) using a bootstrapping procedure with 1,000 resamples
using the PROCESS macro for SPSS (Hayes, 2013; Preacher
& Hayes, 2008). There was a significant indirect effect of
mindfulness on learning through caudate-lMTL connectivity,
b = −6.0, BCa CI [−12.68 to −.62]. This represents a medium-
to large-sized effect, κ2 =.21, BCa [.03–.40]. There was also a
significant indirect effect of mindfulness on learning through
caudate-rMTL connectivity, b = −5.48, BCa CI [−11.74 to
−.20], which represents a medium-sized effect, κ2 =.19, BCa
CI [.02–.36].

Figure 5b depicts the amount of variance in learning ex-
plained by mindfulness alone compared to when caudate-
lMTL or caudate-rMTL connectivity was included in the
model. When mindfulness was the sole predictor of learning,
a significant portion of the variance was accounted for (12 %).
However, when either caudate-lMTL or caudate-rMTL was
also entered into the model, each was an independently sig-
nificant predictor, accounting for a significant 38 % and 32.8
% of the variance in learning, respectively. Further, mindful-
ness no longer accounted for a significant portion of the

variance in learning (1.9 % and 2.4 %, respectively) following
the inclusion of these connections, suggesting that caudate-
MTL functional connectivity fully mediated the relationship
between mindfulness and learning.

To further calculate the degree to which connectivity atten-
uated the amount of variance in IPSL that can be explained by
mindfulness, the amount of variance uniquely associated with
mindfulness after removing variance attributable to caudate
connectivity to the l- or r-MTL was subtracted from the
amount of variance associated with mindfulness as the sole
predictor, and then divided by the amount of variance with
mindfulness as the sole predictor (Bennett et al., 2011;
Salthouse, 1991). This calculation revealed that connectivity
between the caudate and l- and rMTL attenuated mindfulness-
related variance in IPSL by 84 % and 80 %, respectively.

Discussion

The present study examined the neural mechanisms underly-
ing the negative relationship between dispositional mindful-
ness and implicit probabilistic sequence learning (IPSL)

Fig. 4 Task-related functional connectivity of the caudate to the left medial temporal lobe (1-MTL) and right MTL (r-MTL) is also associated with
mindfulness in older adults

Fig. 5 (a) Conceptual model testing potential mediators of the association between mindfulness and learning. (b) Percentage of variance in learning
accounted for by mindfulness before and after caudate-medial temporal lobe (MTL) functional connectivity (FC) is entered into the model
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reported in Stillman et al (2014). Here, at least in our sample
of healthy older adults, we replicated the negative relationship
between these two behavioral variables. Then, using a seed-
based connectivity approach, we identified task-related func-
tional connections associated with individual differences in
both learning and mindfulness. The main finding was that
caudate-MTL connectivity was positively correlated with
IPSL and negatively correlated with mindfulness in this
group. Further, the strength of connectivity between these re-
gions mediated the negative relationship between mindfulness
and IPSL. Thus, this study is the first to show that the task-
related functional communication between two learning-
relevant regions can account for the relationship between
mindfulness and IPSL in a sample of healthy older adults.
Discussion of these findings is organized in terms of the three
study aims.

Aim 1: Behavioral replication of mindfulness-learning
association

As in Stillman et al. (2014, Study 2) we observed a negative
relationship between mindfulness and IPSL in healthy older
adults, which could not be attributed to individual differences
in age or overall task performance. This represents a replica-
tion of the effect in healthy adults and provides further support
for the hypothesis that dispositional mindfulness does not ben-
efit and may even impair implicit learning. We also demon-
strated that mindfulness was not related to a measure of ex-
plicit knowledge in the TLT, indicating that the effect is spe-
cific to implicit learning on the task, and not to explicit
awareness.

In addition, the present behavioral findings extend our ear-
lier study in several ways. First, we observed the mindfulness-
IPSL correlation in a sample of older adults more than double
the size used in either of the studies reported in Stillman et al.
(2014), thus addressing a major limitation of those studies. In
addition, the present sample was more balanced in terms of the
gender composition, whereas the samples in our earlier study
were mostly female. Finally, the older adults in the present
study completed the TLT in the scanner, whereas those in
study 2 of our earlier behavioral study completed a different
IPSL task (the ASRT) in a behavioral testing room. Thus,
these results further support that the relationship between
mindfulness and IPSL is not limited to a particular gender,
learning task, or testing context.

Nonetheless, two aspects of our behavioral results were
unexpected. The first was that older adults did not show evi-
dence of learning at the group level. We usually find that the
magnitude of learning is reduced in older compared to youn-
ger adults (J.H. Howard Jr. & Howard, 2013; Rieckmann &
Bäckman, 2009), as it was in the present study. However, we
typically do find significant learning at the group level, even
for the older adults. The lack of such a group effect in the

present study may reflect changes made to the traditional
TLT to make it more suitable for the scanner (e.g., fewer trials,
jitter in event timing, balanced number of HP vs. LP triplets),
but could have made learning more difficult. For example,
equating the total number of HP and LP trials, as we did for
the first time in this version of the TLT, was different from
previous versions of the task in which the position of cue 1
(only) predicted the target location. That is, in the original TLT
there was a simple conditional relationship between cue 1 and
the target, such that on 80 % of trials the location of cue 1
predicted that the target would appear in a single HP location;
the remaining 20% of the time, cue 1 in the same location was
followed by a target in one of the three other possible (BLP^)
locations. In contrast, in the present version of the TLT, the cue
pairs (cue 1 + cue 2) predicted the target location. In other
words, here there were 16 conditional probabilities (i.e., the
probability of an event given that another has occurred) to
learn, whereas there were only four conditional probabilities
in the original TLT. In fact, the mean learning scores for both
age groups were lower in the present study compared to pub-
lished work using the original TLT (J.H. Howard Jr. et al.,
2008; Simon, Stollstorff, et al., 2011), perhaps accounting
for the lack of a group learning effect in the older group.

The second unexpected finding is that we did not replicate
the negative correlation between mindfulness and TLT learn-
ing in the younger group that we had shown earlier (Stillman
et al., 2014, Study 1). The reason for this failure to replicate is
unclear, though the changes in the TLT task described above
could be important here as well. For example, we saw more
evidence of explicit awareness in our younger group’s ques-
tionnaire responses than we typically see in the TLT, and that
group also showed a marginal positive correlation between
BDS scores and learning, whereas there was no relationship
between the neuropsychological measures and learning in the
older group. One possibility for this pattern of results is that
the present version of the TLT results in a different balance in
neural learning systems, e.g., being more MTL/PFC-driven in
the younger group than in the usual TLT. Regardless, our
failure to replicate the mindfulness-implicit learning relation-
ship in the young sample indicates that future work is needed
to test whether the relationship between dispositional mind-
fulness and learning holds using different implicit tasks and/or
age groups.

Aim 2: Task connectivity related to learning

Caudate-MTL connectivity Consistent with our prediction,
caudate-MTL connectivity was related to IPSL in the TLT in
our sample of healthy older adults. Specifically, more positive
task-related connectivity between the caudate and clusters in
the left and right MTL (at every run) was correlated with
higher learning scores. This pattern of results extends those
reported in Stillman et al., (2013) in which we demonstrated

746 Cogn Affect Behav Neurosci (2016) 16:736–753



that more connectivity between these regions at rest predicted
better subsequent learning in healthy young adults. Because
we did not collect fMRI data in that earlier study, however, it
was not possible to tell how the caudate and MTL interacted
during learning.

The present results are therefore the first to show that more
task-related functional connectivity between the caudate and
MTL during an IPSL task is beneficial for learning. Since
more connectivity between brain regions at the time of mea-
surement is thought to reflect their shared functionality (Fox&
Raichle, 2007), this finding lends further support to a hypoth-
esis put forth in previous fMRI activation studies of IPSL, as
well as recent reviews of learning and memory systems, both
of which have posited that both the caudate and MTL support
learning-related functions during IPSL, despite the fact that
this particular type of learning occurs implicitly (Henke,
2010; J.H. Howard Jr. & Howard, 2013; Schendan et al.,
2013; Simon et al., 2012).

An important caveat is that the present study focused on
healthy older adults, and so it is possible that the relationship
between caudate-MTL connectivity during task and learning
would be different in a younger sample. Indeed, there is evi-
dence of functional reorganization of learning systems in older
adults, perhaps stemming from the fact that the striatum de-
clines at a faster rate than the MTL during healthy aging (Raz
et al., 2005). Furthermore, fMRI studies of IPSL have reported
that MTL activation is correlated with better learning at all
stages of training for older adults, while it is only correlated
with better learning in the early stages of training in younger
adults (Rieckmann et al., 2010; Simon et al., 2012). For youn-
ger adults, learning in later stages of training is typically cor-
related with caudate activity, suggesting that MTL activation
in late training in older adults may be somehow compensating
(albeit not completely successfully) for striatal dysfunction in
this age group (Rieckmann et al., 2010; Simon et al., 2012).
The finding that caudate-MTL connectivity at all three runs
correlated positively with participants’ run 3 learning score in
this study could therefore reflect a compensatory mechanism
by which some older individuals are able to optimize IPSL
despite age-related neural changes through the persistent com-
munication between these regions. However, the fact that a
similar relationship was found in younger adults in a previous
study of resting state connectivity suggests that the positive
relationship between caudate-MTL connectivity and learning
is not entirely exclusive to older adults (Stillman et al., 2013).

In fact, if stronger caudate-MTL connectivity (as measured
here) does support learning across both age groups as we
hypothesize, then given that younger adults exhibited more
learning that older adults on the TLT in the present study, this
group should also exhibit stronger connectivity on average
compared to the older adults in this specific connection.
Therefore, we compared the strength of older and younger
adults’ task-related connectivity between the caudate and L-

and R-MTL at each run, as well as the cross-run average
(Supplementary File 2). We found that younger adults exhib-
ited stronger connectivity than older adults in all cases (all
ts>2.0, ps <.04). This pattern of results is consistent with our
interpretation that stronger caudate-MTL connectivity sup-
ports learning. That is, we observed age-group differences in
a behavioral measure of learning, as well as in the strength of
two connections identified as being learning-related.

Caudate-PFC connectivity Contrary to our predictions, cau-
date connectivity to a cluster in the right anterior middle/
superior frontal gyrus (BA10) was positively related to learn-
ing in older adults. We had initially predicted a negative rela-
tionship between learning and caudate-PFC connectivity
based on the hypothesis that a prefrontal-based explicit hy-
pothesis testing system competes with a striatal-based implicit
procedural system for control of behavior (Filoteo, Lauritzen,
&Maddox, 2010; Poldrack & Packard, 2003); this hypothesis
has been supported by previous behavioral studies of IPSL
(Galea et al., 2009; Nemeth et al., 2012).

The findings from the present study, however, suggest that
the interplay between these learning systems may be more
nuanced than originally thought. For example, there are sev-
eral distinct frontostriatal loops known to support complex
cognitive functions, including implicit ones such as IPSL
(Chudasama & Robbins, 2006). Thus, one possible explana-
tion for the positive relationship between learning and
caudate-PFC connectivity we detected is that the nature of
the caudate-PFC interactions during IPSL differs by anatom-
ical region. Consistent with this interpretation, the prefrontal
cluster we identified (i.e., in the middle/superior frontal gyrus)
is located anterior to the dorsolateral prefrontal regions that are
the most often implicated in theories of competition (Galea
et al., 2009; Halligan & Oakley, 2012; Nemeth et al., 2012).
Rather than supporting regulatory functions per se, this par-
ticular region of the PFC is thought to be involved in integrat-
ing complex information over time (Prabhakaran, Narayanan,
Zhao, & Gabrieli, 2000). Thus, stronger connectivity between
the caudate and this region might enable older individuals to
more efficiently integrate the complex probabilistic relation-
ship occurring amongst the sequentially presented cues in the
TLT, providing a potential explanation for why task-related
connectivity between the caudate and this particular PFC re-
gion is positively related to learning success.

Aim 3: Mediation results

The third goal of this study was to test for potential neural
mediators of the mindfulness-IPSL relationship. The
caudate-PFC connection identified as being related to learning
was not related to mindfulness, and so it did not meet the
criteria for mediation (Baron & Kenny, 1986). However, the
two caudate-MTL connections identified as being related to

Cogn Affect Behav Neurosci (2016) 16:736–753 747



learning did qualify as potential mediators, as they were also
correlated with mindfulness scores. The results of the
(separate) mediation analyses on these connections revealed
that both were full mediators of the relationship between
mindfulness and IPSL in our older sample, attenuating the
amount of variance in IPSL that could be attributed to mind-
fulness by 84 % and 80 %, respectively.

While caudate-MTL communication has been posited to be
important to IPSL in previous studies (as discussed above),
this is the first time that the communication between these
regions has been linked to dispositional mindfulness. It is
not clear whether mindfulness alters connectivity between
the caudate and MTL systems directly, or by influencing one
(or both) systems individually thus indirectly altering their
connectivity.

According to a direct account, higher levels of dispositional
mindfulness lead to reduced communication between the
striatal and MTL learning systems specifically, enabling one
(e.g., the MTL system) to more effectively dominate behavior
(Chiesa, Calati, & Serretti, 2011; Chiesa & Serretti, 2011;
McDonald & Hong, 2013). Since optimal IPSL may depend
on efficient interaction/coordination between both the striatal
and MTL systems (J.H. Howard Jr. & Howard, 2013; Reber,
2013; Rieckmann & Bäckman, 2009), this interpretation
would explain why reduced communication between the cau-
date and MTL leads to lower learning scores; less communi-
cation between the two regions might enable the MTL system
to dominate throughout the course of IPSL, which would lead
to less learning since the striatal system is thought to be opti-
mal in later stages of training (J.H. Howard Jr. & Howard,
2013; Simon et al., 2012). However, since the older adults
did not show a group learning effect by run 3, it’s possible
that a different pattern of results might have emerged if train-
ing was extended.

In contrast, an indirect account suggests that mindfulness-
induced functional and structural changes to these regions
(mostly reported in mindfulness training studies) have down-
stream consequences on their functional communication. In
other words, the negative relation between mindfulness and
task-related caudate-MTL connectivity in the present sample
of older adults could be a byproduct of other changes to these
brain regions that are linked tomindfulness, that in turn lead to
reduced communication between them. For example, recent
fMRI studies have reported that (compared to novices) expe-
rienced meditators show less activity in striatal regions during
both the anticipation and response phases of reward condition-
ing tasks (Kirk et al., 2014; Kirk & Montague, 2015). The
meditators’ diminished striatal response in these studies is
thought to reflect their ability to dampen and/or override an-
ticipatory dopamine responses to reward-related cues, thereby
allowing them to act in more controlled, non-reactive, non-
habitual ways (Kirk et al., 2014; Kirk & Montague, 2015).
Unlike the tasks used in these earlier studies, the TLTcontains

no explicit reward component and is relies on a different
striatal subregion (caudate) than that focused on in earlier
work (putamen). However, the reduced reactivity of specific
striatal regions observed in meditators may result in the entire
region becoming more functionally segregated from other
brain regions (including the MTL), often leading to a propen-
sity for better explicit functioning, but less learning on tasks,
such as IPSL where communication/coordination between
these regions is critical. Both of the above accounts are con-
sistent with the mediation model we propose. However, future
research is needed to distinguish between them.

Limitations and future directions

Inferring cause Both of the interpretations we offer above for
the mediation results assume that mindfulness is leading to the
observed reduction in task-related caudate/MTL connectivity,
rather than the reverse. Our ability to make causal inferences
regarding the direction of the relationships amongst mindful-
ness, connectivity, and learning is limited by the correlational
nature of our design.

Of course, there is evidence from mindfulness training
studies supporting the a priori directionality assumptions we
made when conceptualizing the casual pathways in our medi-
ation model (for review see Tang, Hölzel, & Posner, 2015).
Nonetheless, related to the next set of limitations below, there
is reason to believe that trained mindfulness and current
operationalizations of dispositional mindfulness could be dif-
ferent (Davidson & Kaszniak, 2015). We did not screen for
previous meditation experience in the present study so we
cannot examine its relation to implicit learning here. Future
work should include implicit learning tasks in neuroimaging
studies both before and after mindfulness training in media-
tion-naïve individuals in order to test whether the mediation
model we propose is supported in the training domain as well.

Measuring mindfulness Another set of limitations concerns
the complexities in defining andmeasuring mindfulness. First,
we relied on a well established measure (the MAAS), but it is
not the only or even necessarily the best measure of disposi-
tional mindfulness. The MAAS is a single-factor scale, while
mindfulness is a multifaceted and intangible construct, even
for those with years of formal training (Grossman, 2011), and
there is still not a single accepted definition of mindfulness in
the research community. Critics have argued that the questions
comprising scales designed to assess mindfulness, including
the MAAS, may instead be measuring closely-related (yet
distinct) constructs – -e.g., propensity for mind-wandering,
or for everyday lapses in attention. One possibility, for exam-
ple, is that it is one’s propensity for mind wandering (not
necessarily the absence of mindfulness) that is linked to im-
plicit learning.
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Second, we used a measure of what is thought to be
dispositional mindfulness, i.e., the trait of mindfulness, but
we cannot determine for sure whether it is the trait of being
mindful or the state of being mindful that is associated with
poor implicit learning. These are typically confounded
because people who are high in trait mindfulness (as
assessed by the MAAS) are, by definition, more likely
than those low in mindfulness to actually be in a mind-
ful state at any given time. Thus, it is possible that
people high in trait mindfulness have the same capacity
for implicit learning as people with low trait mindful-
ness, but because of their propensity to be in a mindful,
they are less apt to use their implicit learning capacity
and more apt to rely on their explicit capabilities. These
state versus trait explanations could be distinguished by
determining whether high MAAS people learn as well
as low MAAS people when they are given instructions
that encourage them to adopt a non-mindful state during
the task.

Chosen seed We chose to use a caudate seed to identify
candidate connections for our mediation analyses given
the centrality of this region in implicit types of learning.
In addition, we had a priori hypotheses regarding how the
functional connections of this region might also be mod-
ulated by mindfulness. However, the pattern of results we
report might differ if other seed regions or approaches to
calculating functional connectivity were used. For exam-
ple, different parts of the basal ganglia and striatum have
been associated with explicit vs. implicit learning, and so
it’s impossible make any overall conclusions about striatal
functioning and mindfulness. Future studies could examine
these possibilities, as the relationships between functional
connectivity, mindfulness, and specific cognitive functions/
behaviors have rarely been investigated and thus remain
poorly understood (Tang et al., 2015).

Anatomical connectivity It is notable that task-related func-
tional connectivity between the caudate and MTL relates to
both mindfulness and implicit learning in older adults in the
present study even though there are few direct anatomical
connections between these regions in humans. This is not
surprising given evidence that a direct anatomical connection
is not necessary for functional connectivity, but it implies there
may be other regions mediating their connection (Honey et al.,
2009). In the case of implicit sequence learning, for example,
prior work using diffusion tensor imaging tractography sug-
gests that DC-MTL functional connectivity may be mediated
via the dorsolateral prefrontal cortex (Bennett et al., 2011).
Thus, it is possible that the observed connectivity between
caudate and MTL was mediated by the DLPFC (though we
did not observe relationships consistent with this in the present
study), and further, that variability in caudate-DLPFC and

MTL-DLPFC anatomical connections could underlie the wide
range of individual differences in learning we observed in the
older adult sample. Future studies could combine fMRI func-
tional connectivity and diffusion tensor imaging to examine
this possibility.

Psychophysiological interactions versus general task con-
nectivity It should be noted that the present study did not use
psychophysiological interaction (PPI) analyses for examining
condition-specific changes in connectivity between brain re-
gions during fMRI tasks; we instead collapsed across the HP
and LP task conditions for our analyses. Because of this, it is
possible that the connections we identified as being related to
individual differences in learning (caudate-MTL and caudate-
PFC) were not supporting learning per se, but rather some
other aspect of the task related to learning outcomes.
However, psycho-physiological interaction (PPI) analyses
are known to have a higher rate of Type II error in event-
related compared to block-designs (O’Reilly, Woolrich,
Behrens, Smith, & Johansen-Berg, 2012), and so, given our
event-related design, we chose to use this alternative approach
to decrease the chances of spurious null results. Future fMRI
studies could administer IPSL tasks in a blocked design (e.g.,
pattern vs. random blocks) in order to more effectively imple-
ment PPI analyses.

Conclusions

The present results implicate functional connectivity between
the caudate and MTL as a neural mechanism underlying the
previously reported behavioral relationship between disposi-
tional mindfulness and IPSL (Stillman et al., 2014) for healthy
older adults. These findings contribute to understanding how
specific traits (i.e., mindfulness) might influence aptitude for
basic cognitive functions, such as acquiring complex regular-
ities without awareness or intent. They also highlight the need
for more studies examining the complex interplay between
mindfulness (including one’s natural propensity for it), the
brain, and behavior.
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