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Exploring anterior thalamus functional 
connectivity with cortical regions in 
prospective memory with ultra-high-field 
functional MRI
Luke Flanagan,1 Bruno de Matos Mansur,1 Christoph Reichert,2 Anni Richter,2,3,4

Soroosh Golbabaei,5 Jasmin M. Kizilirmak6,7 and Catherine M. Sweeney-Reed1,8

Prospective memory, or memory for future intentions, engages particular cortical regions. Lesion studies also implicate the thalamus, 
with prospective memory deterioration following thalamic stroke. Neuroimaging, anatomical and lesion studies suggest the anterior 
nuclei of the thalamus (ANT), in particular, are involved in episodic memory, with electrophysiological studies suggesting an active 
role in selecting neural assemblies underlying particular memory traces. Here, we hypothesized that the ANT are engaged in realizing 
prospectively-encoded intentions, detectable using ultra-high-field strength functional MRI. Using a within-subject design, partici
pants (N = 14; age 20–35 years) performed an ongoing n-back working memory task with two cognitive loads, each with and without 
a prospective memory component, during 7-Tesla functional MRI. Seed-to-voxel whole brain functional connectivity analyses were 
performed to establish whether including a prospective memory component in an ongoing task results in greater connectivity between 
ANT and cortical regions engaged in prospective memory. Repeated measures ANOVAs were applied to behavioral and connectivity 
measures, with the factors Task Type (with prospective memory or not) and N-Back (2-back or 3-back). Response accuracy was great
er and reaction times faster without the prospective memory component, and accuracy was higher in the 2- than 3-back condition. 
Task Type had a main effect on connectivity with an ANT seed, with greater ANT–DLPFC and ANT–STG connectivity when includ
ing a prospective memory component. Post hoc testing based on a significant interaction showed greater ANT–DLPFC connectivity 
(p-FWE = 0.007) when prospective memory was included with the low cognitive load and ANT–STG connectivity (p-FWE = 0.019) 
with the high cognitive load ongoing task. Direct comparison showed greater functional connectivity between these areas and the 
ANT than dorsomedial nucleus of the thalamus (DMNT) during prospective remembering. Enhanced ANT–DLPFC connectivity, 
a brain region with an established role in strategic monitoring for prospective memory cues, arose with a low cognitive load ongoing 
task that enabled monitoring. This connectivity was significantly less on direct comparison with increasing the cognitive load of the 
ongoing task without prospective memory, suggesting specificity for prospective memory. Greater ANT–STG connectivity on pro
spective memory inclusion in the higher cognitive load ongoing task fits with reported STG activation on prospective memory through 
spontaneous retrieval. Lower connectivity on direct comparison with a DMNT seed suggests ANT specificity. The findings fit with a 
coordinating role for the ANT in prospective remembering. Given the small sample, these findings should be considered preliminary, 
with replication required.
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Graphical Abstract

Introduction
Prospective memory, the ability to remember and fulfill fu
ture intentions,1-3 plays a pivotal role in essential tasks 
such as adhering to medication schedules and attending 
appointments. Notably, a decline in prospective memory 
constitutes one of the most commonly reported memory con
cerns.4 Prospective memory undergoes impairment with ad
vancing age and is prevalent in conditions such as mild 

cognitive impairment and Parkinson’s disease,5-8 underlin
ing the importance of understanding the neural processes 
involved in a young, healthy population for the future devel
opment of effective diagnostic and therapeutic strategies 
when prospective remembering is impaired, which will in
volve targeting the relevant deficits in a given patient group.

Prospective remembering involves a complex integration 
of multiple systems, including processes underlying episodic 
and working memory and also attentional processes.9-11
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Prospective memory can be time-based, when a specific action 
is to be performed at a particular future time point, or event- 
based, when a prospectively-encoded intention should be car
ried out on detection of a specified cue.5,12,13 Here, we focused 
on the latter, in which the timing of prospective memory 
events and their neural correlates can be more precisely con
trolled. Investigation of event-related prospective memory 
classically involves the intention to perform a particular ac
tion, after a delay, on detection of a prospectively-encoded 
prospective memory cue.5 An important aspect is the perform
ance of an ongoing task that prevents continuous rehearsal of 
the prospective memory task.5,14 Based on engagement of dif
ferent brain networks supporting key aspects of a prospective 
memory task, neurocognitive models have been proposed to 
explain how prospectively-encoded future intentions are rea
lized. An influential model of how prospective memory is 
achieved is by either strategic monitoring of the environment 
for the prospective memory cue, which involves a negative im
pact on ongoing task performance measures, by spontaneous 
retrieval of the prospective memory task on prospective 
memory cue detection, or by a combination of these ap
proaches.15 The extent to which a particular approach is fa
vored depends on the cognitive load involved in the ongoing 
task and prospective memory cue features, such as the fo
cality, saliency, and frequency.11,15-17 When strategic mon
itoring is employed, the prospective memory component 
may be maintained in working memory, as the environment 
is monitored for a prospective memory cue during ongoing 
task performance.18 When the prospective memory task is 
achieved through spontaneous retrieval, the action to be 
performed in the future is not continuously actively main
tained, and the prospective memory is deemed to be stored 
in long-term, episodic memory rather than being held in 
working memory.19

We used the n-back as the ongoing task, as in previous 
studies of prospective memory, with infrequent cues in a dif
ferent colour requiring a different response.9,20 We chose 
this study design for several reasons. Firstly, the cognitive 
load can be readily manipulated, enabling both modulation 
of the approach that participants use to achieve the prospect
ive memory task component and examination of whether 
potential neural correlates of the prospective memory task 
component reflect prospective memory or simply an increase 
in cognitive load. While the performance of an ongoing task 
and a prospective memory task may be considered to be a 
dual task paradigm,18 several criteria have been proposed 
to distinguish between a prospective memory and a classical 
dual task paradigm, in which two tasks are actively main
tained and performed in parallel: (i) the cognitive load of 
the ongoing task in a prospective memory paradigm should 
be sufficient to prevent continuous active rehearsal of the 
prospective memory component5,14,21; (ii) a prospective 
memory paradigm requires a delay between the formation 
of the prospective intention and its performance12; (iii) pro
spective memory items should appear less frequently than 
ongoing task items16; (iv) prospective memory testing re
quires task switching, with inhibition of the ongoing task 

response.22,23 A rate of 10% of the trials being prospective 
memory has been proposed in previous studies of 
event-related prospective memory, including when an 
n-back task is used as the ongoing task.16,21 A further reason 
for choosing this study design is that it includes multiple pro
spective memory trials, rendering adequate trial numbers for 
functional connectivity analyses. To avoid appearance of 
prospective memory cues serving as a repeated reminder of 
the prospective memory task, no feedback was provided.9

Neuroimaging and electrophysiological investigations 
consistently highlight the involvement of frontal and parietal 
cortical regions in prospective remembering.10,11,24

Specifically, the dorsolateral prefrontal cortex (DLPFC) is 
engaged in both the maintenance and retrieval phases of pro
spective memory tasks.25-27 Activation of a dorsal frontopar
ietal network is consistently observed during prospective 
memory maintenance and deemed to reflect top-down atten
tional processes towards external prospective memory cues 
and the content of prospectively-encoded intentions.10,11

Neuroimaging meta-analysis has also shown engagement 
of the thalamus in prospective remembering,10 and prospect
ive memory deterioration has been reported following thal
amic stroke.28

Neuroimaging and anatomical studies suggest the anterior 
nuclei of the thalamus (ANT) in particular are involved in 
episodic memory processing.29-32 The ANT have been pro
posed to be part of an extended hippocampal system, based 
on their reciprocal anatomical connectivity with the hippo
campus and their firing in the theta frequency range, the 
dominant hippocampal rhythm.29,33 Lesion studies also 
indicate ANT involvement in episodic memory.28,34,35

Evidence from intracranial recordings from the ANT of epi
lepsy patients suggests that the ANT play an active role in se
lection of neural assemblies underlying particular memory 
traces.31,32,36-38 Prospective remembering requires integra
tion of attentional processes with activity in the brain net
works underpinning episodic memory for prospective 
memory cues and prospectively-encoded intentions. Based 
on the extensive anatomical connectivity between the ANT 
and widespread cortical regions,29,36 we postulated that 
the ANT are engaged in coordinating the cortical activity 
in attentional and episodic memory networks, to reactivate 
a prospectively-encoded intention on prospective memory 
cue detection.

Here, we performed a seed-based functional connectivity 
analysis using a left ANT seed in a seed-to-voxel whole 
brain analysis to examine whether functional connectivity 
with cortical regions known to be engaged in the attentional 
processes underlying prospective remembering is greater 
during performance of a task with a prospective memory 
component than during a task condition comprising the 
ongoing task alone. We hypothesized that functional connect
ivity with the ANT would be detectable based on blood 
oxygen-dependent (BOLD) measurements acquired using 
7-Tesla (7T) functional magnetic resonance imaging (fMRI) 
employing an event-related design. Ultra-high magnetic 
field strength scanning results in a better signal-to-noise ratio 
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than using a low strength magnetic field, with a supralinear 
relationship between magnetic field strength and signal-to- 
noise ratio.39 Comparing using 7T with 3T field strength, sub
cortical structures in particular have been shown to be better 
discernable at the higher field strength.40 Moreover, a 7T field 
strength has enabled detection of memory traces in the medial 
temporal lobe as well as differentiation between hippocampal 
subfields during associative learning.41,42 The left ANT seed lo
cation was derived from a previous fMRI study investigating 
the role of the ANT and also the dorsomedial nucleus of the 
thalamus (DMNT) in episodic memory processing.30 The hy
pothesis was based on a left ANT seed, because our paradigm, 
like that used by Pergola et al.,30 can be performed using verbal- 
based strategies, and verbal processing is well-established as 
being lateralized to the left hemisphere.43 Moreover, left 
lateralization has been associated with prospective memory 
processing on neuroimaging meta-analysis.27 To assess the rele
vance of laterality, the seed location was mirrored to the right 
side for comparison. Functional connectivity with a left 
DMNT seed was also examined, to evaluate the specificity 
of the engagement of the ANT. The classical n-back work
ing memory task was used as the ongoing task,44-46 because 
the cognitive load can be readily adjusted, enabling assess
ment of whether differences in functional connectivity aris
ing on adding the prospective memory task result from 
increased cognitive load rather than prospective memory 
processing.

Materials and methods
Participants
We were not aware of a directly comparable 7T fMRI study 
from which to conduct a power analysis to determine a suit
able participant sample size. However, we identified a 
resting-state 7T fMRI study in which seed-based whole- 
brain functional connectivity, using seeds in subthalamic 
regions, was applied to compare connectivity in two partici
pant groups.47 We used G*Power to calculate the sample 
size based on this study.48 Based on the effect sizes of 
1.90 and 1.85 provided for a connectivity difference be
tween a subthalamic region and prefrontal cortex (the 
most anteriorly listed region) on the left and right respect
ively, which we selected based on evidence for prefrontal 
engagement in prospective memory,25-27 13 participants 
would be required to detect a difference at a power of 
0.95 with an alpha threshold of P = 0.001 using a paired 
t-test. An additional power calculation based on our 
within-subject, repeated measures study design with four 
repeated measurements, with a medium effect size of 0.6, 
showed that 14 participants would be required to detect a 
difference at a power of 0.95 with an alpha threshold of 
P = 0.001.

Fourteen right-handed (self-reported) healthy participants 
aged 20–35 years were recruited among students at the Otto 
von Guericke University, Magdeburg. The mean age of the 

participants was 28.6 years (SD 3.3; 7 female). Participants 
all had normal or corrected to normal vision and no history 
of psychological or neurological disorders, regular medica
tion, or recreational drug use. The study was approved by 
the Local Ethics Committee of the University Hospital, 
Magdeburg, in accordance with the Declaration of 
Helsinki. All participants provided informed, written con
sent prior to inclusion in the study and were informed of their 
right to cease participation at any time without providing 
reasons. Standard MRI exclusion criteria were applied.

Behavioral paradigm
Visual stimuli were presented using Presentation software 
(Version 23.1 Build 09.20.22, Neurobehavioral Systems, 
Berkeley, CA, USA) using back-projection. The task com
prised the n-back working memory task as the ongoing 
task, with a colour-based prospective memory task. Each 
trial comprised 500 ms presentation of a letter and a jittered 
1800–2100 ms response period. A sequence of letters was 
presented on a screen, and participants pressed one button, 
using a button box, when the current letter corresponded 
with the letter n letters previously and another button if 
not (Fig. 1A). The buttons were counterbalanced across par
ticipants. Each letter was presented in one of four colours 
(red/blue/green/yellow, specified in the RGB colour space), 
assigned independently of the letter itself. The prospective 
memory cue was a particular colour, in response to which 
a third button was pressed with the thumb, instead of mak
ing an ongoing task (n-back) response. In other words, the 
prospective memory cue indicated a brief task switch re
stricted to the respective trial, irrespective of which n-back 
response would have been correct. The thumb was used for 
the prospective memory answer in all participants, because 
counterbalancing would require using a thumb and one fin
ger for a two-button task (the n-back task), which would be 
unusual and likely serve as a continual reminder of the pro
spective memory task. Responses in an n-back task typically 
use the index and middle fingers.9,20,49 All four cue colours 
were included in every block, irrespective of whether a col
our was assigned as a prospective memory cue in a particular 
block, so the only difference between prospective memory 
blocks and ongoing task blocks was the assignment of a par
ticular colour as the prospective memory cue for a prospect
ive memory block.

Written instructions were provided to explain how to per
form the four task types. The importance of the ongoing 
n-back task was emphasized. The participants were told 
that in some blocks they would be shown a particular letter 
colour at the beginning of the block, which would require 
pressing a different button with the thumb. They were in
formed that this additional instruction was only valid for 
performing that block, and the n-back response with the 
other two buttons would be required for all other trials 
and blocks. In particular, on starting a new block, a colour 
previously used as a prospective memory cue was no longer 
relevant, and an n-back response should be given. 
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Participants first performed the four task types outside the 
scanner to allow an opportunity to ask any questions and 
to minimize potential training effects in one block type 
affecting subsequent performance in a subsequent block 
type, as n-back performance improves with practice, and 
the improvements are greatest early in task performance.45

The task comprised four variants: 2-back without a pro
spective memory cue (2B); 2-back with a prospective mem
ory cue (2BPM); 3-back without a prospective memory cue 
(3B); 3-back with a prospective memory cue (3BPM). Each 
variant was performed four times, yielding a total of 16 
runs per participant. The runs were carried out in a pseudo
random order, counterbalanced across participants, such 
that participants could perform low or high cognitive load 

variants first, as well as variants with or without a prospect
ive memory component first. Each run comprised 120 trials 
(lasting ∼4 min). Based on previous studies, the prospective 
memory conditions included 10% prospective memory 
trials.16,21 The ongoing task target rate of the current study 
was 15%.

Accuracy was quantified using d′, a sensitivity measure 
based on the signal detection theory, given by the difference 
between z-scores of the proportions of hits and false 
alarms.50 The accuracy and reaction times (RTs) were ana
lysed using SPSS (IBM, NY, USA). Mean d′ and RTs were 
calculated for each participant. Two-way repeated measures 
ANOVAs were applied, with the within-subject factors 
N-Back (2-Back, 3-Back) and Task Type (with, without 

Figure 1 Functional connectivity with the left anterior nuclei of the thalamus during prospective remembering. (A) Behavioural 
paradigm. Illustration of the 2-back task, with the colour blue as the prospective memory cue. (B) Seeds in the left and right anterior nuclei of the 
thalamus (green) and the left dorsomedial nucleus of the thalamus (blue). (C) Effect sizes in the four task conditions at the cluster locations where 
a main effect of Task Type was observed. 2B: 2-back only; 2BPM: 2-back with prospective memory component; 3B: 3-back only; 3BPM: 3-back with 
prospective memory component. Cluster MNI coordinates are given below. (D) Functional connectivity based on a seed in the anterior nuclei of 
the thalamus (Seed 1), with clusters showing the main effect of Task Type. Greater connectivity in the conditions including a prospective memory 
component can be seen in the left dorsolateral superior frontal gyrus (ANOVA: p-FWE = 0.007) and the left superior temporal gyrus (ANOVA: 
p-FWE = 0.019). T represents the T-values relating to the cluster size threshold. ANT, anterior nuclei of the thalamus; DMNT, dorsomedial nuclei 
of the thalamus.
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prospective memory), followed by post hoc tests. For effect 
size measures, we computed partial eta squared (ηp

2). We 
also applied two-sided paired t-tests to compare the percent
age of prospective memory items with a correct prospective 
memory response and the RTs to these items in the 2- and 
the 3-back conditions and to compare RTs to ongoing task 
and prospective memory items.

To evaluate whether the 3-back was perceived to be more 
challenging than the 2-back condition, and whether adding a 
prospective memory task further increased the challenge, 
participants were asked to rate their ability to perform 
each of the four block types, using scales from 1, reflecting 
‘mostly guessing’, to 5 reflecting ‘no mistakes’. The reported 
guessing rate provided a proxy to establish the perceived dif
ficulty of the task, reflecting the likely cognitive load as well 
as the reliance on spontaneous retrieval rather than strategic 
monitoring for the prospective memory task component. We 
interpreted a higher reported rate of guessing as reflecting a 
greater reliance on spontaneous retrieval. Participants were 
also asked to report their approach to the prospective mem
ory task component on a scale from 1, indicating spontan
eous retrieval, to 5, indicating strategic monitoring. The 
scale was provided at the end of the whole experiment, as 
presenting it after each condition type would have empha
sized the prospective memory task, potentially precluding 
subsequent spontaneous retrieval. For the latter scale, 
answers indicating that the participants were mostly or 
predominantly using spontaneous retrieval for the prospect
ive memory task component were pooled as spontaneous re
trieval (n = 3), answers in the middle of the scale were 
considered to reflect equal application of the two approaches 
(n = 4), and answers indicating a mostly or predominantly 
monitoring approach were pooled as strategic monitoring 
(n = 3). The scales were introduced after the start of the 
study, following discussions with early participants, result
ing in twelve participants responding to the approach scale 
and ten to the ability scales. In addition to visualization, 
paired t-tests were applied to compare participants’ per
ceived ability according to cognitive load in the ongoing 
task and to whether a prospective memory task component 
was included, based on simulation studies evaluating appli
cation of parametric statistics to Likert scale data.51,52

To examine whether self-reported predominant approach 
to the prospective memory task had an impact on perform
ance, we applied two-way repeated measures ANOVAs to 
d′ and to RT with the within-subject factors Task Type 
(with, without prospective memory) and N-Back (2-back, 
3-back), including the covariate Reported Approach. We 
also applied one-way repeated measures ANOVAs to the 
hit rates and RTs to prospective memory cues, with the 
within-subject factor N-Back, correcting for the covariate 
Reported Approach.

Finally, to assess whether a training effect resulted in over
all improved n-back performance over time, we applied two- 
sided paired t-tests to compare the d′ and RT in the first and 
last runs of the blocks, averaging across block type. So that 
training during one block type would not lead to better 

performance in a subsequently performed block type, we 
counterbalanced the order of the block types. To evaluate 
whether this approach was effective, we applied two-way re
peated measures ANOVAs to the changes in d′ and RT over 
the course of the blocks with the within-subject factors Task 
Type and N-Back.

fMRI data acquisition
Structural and functional MRI data were recorded using a 7T 
MR scanner (Siemens MAGNETOM 7TPlus at the MRI Core 
Facility of the Otto von Guericke University Magdeburg). The 
head coil (Nova Medical) had 32 receiving channels and one 
transmission channel. Shimming was applied over the whole 
head using B0 shim mode: Brain and B1 Shim Mode: 
Trueform. First, a T1-weighted magnetization-prepared 
rapid gradient echo (MPRAGE) image (TR = 2300 ms; 
TE = 2.73 ms; flip angle = 5°; 224 sagittal slices; FOV: 
256 × 256 mm2; voxel size = 0.8 × 0.8 × 0.8 mm3) was ac
quired. This MPRAGE was used for the two-stage registra
tion of the functional scans to the Montreal Neurological 
Institute (MNI) space. During the fMRI sessions, 
T2*-weighted echo-planar images (EPI; TR = 2000 ms; 
TE = 25 ms; flip angle = 75°; 81 axial slices; FOV: 212 ×  
212 mm2; voxel size = 1.5 × 1.5 × 1.5 mm3) were acquired, 
employing 3× multiband acceleration with GRAPPA parallel 
imaging (acceleration factor 2). Slice acquisition was inter
leaved, in an ascending order, and the phase encoding direc
tion was anterior to posterior. Fat suppression was not 
applied. During each of the sixteen 230 s runs, 115 volumes 
were acquired. All scans featured EPI distortion correction.53

The first six scans during fMRI start-up were discarded. 
Participants were visually monitored to exclude severe mo
tion during scanning. The mean total scanning time per par
ticipant was 1:25:12 h.

Functional connectivity analysis
Analyses were performed using the Functional Connectivity 
Toolbox (CONN: Version 2254,55 and SPM-12: Statistical 
Parametric Mapping 12),56 using a Windows operating system.

Seed creation
The seeds, with 5-voxel radii (1 voxel = 1.8 mm), were cre
ated for each seed location in FSLeyes57 (Fig. 1B). The loca
tion identified by Pergola et al.30 (MNI: −3 −6 3) is located 
by the anterolateral border of the thalamus with the ven
tricle. As the volume of any seed at these coordinates, includ
ing a single voxel radius, created in FSLeyes using the MNI 
2 mm brain, would overlap with the ventricle, the seed was 
placed five voxels medially, such that it was located entirely 
within the anterior thalamus. Seed 1 (MNI: −8 −6 3) is loca
lized to the left anterior thalamus (Automated Anatomical 
Labelling atlas, version 3: AAL3),58 and the anterior–poster
ior location did not differ from that reported by Pergola 
et al.30 for the ANT. The seed location was also mirrored 
to the right side to examine potential laterality. While two 
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other sets of ANT coordinates associated with memory re
trieval were given, these locations were not localized by the 
AAL3 atlas to the ANT. Finally, a seed location in the 
DMNT from the same study (MNI: −6 −19.5 7.5), con
firmed by AAL3 to be in left mediodorsal thalamus, was 
also used, to enable examination of whether any functional 
connectivity identified with Seed 1 was specific to the ANT.

Pre-processing
Functional and anatomical data were pre-processed using a 
standard pre-processing pipeline, including realignment 
with correction of susceptibility distortion interactions, slice 
time correction, outlier detection, segmentation and normal
ization to the MNI space, using fourth-order spline interpol
ation to re-slice functional data to yield 1.8 mm isotropic 
voxels, and smoothing.59 Slice position was landmark- 
based, according to the AC–PC line. Functional data were 
realigned using the SPM realign and unwarp procedure, 
where all scans were co-registered to a reference image (first 
scan of the first session) using a least squares approach and a 
6-parameter rigid body transformation and resampled using 
b-spline interpolation to correct for motion and magnetic 
susceptibility interactions.60,61 Potential outlier scans were 
identified using Artifact Detection Tools, as acquisitions 
with framewise displacement above 0.9 mm or global 
BOLD signal changes above 5 standard deviations,62-64

and a reference BOLD image was computed for each partici
pant by averaging all scans excluding outliers. Functional 
and anatomical data were normalized into standard MNI 
space and segmented into grey matter, white matter, and 
cerebrospinal fluid tissue classes using the SPM unified 
normalization and segmentation algorithm65,66 and the 
IXI-549 tissue probability map template provided with 
CONN. Finally, the functional data were smoothed using 
spatial convolution with a Gaussian kernel of 3 mm full- 
width half maximum.

The functional data were denoised using a standard de
noising pipeline. The steps included the regression of poten
tial confounding effects characterized by white matter time 
series (5 CompCor noise components), cerebrospinal fluid 
time series (5 CompCor noise components), motion para
meters and their first order derivatives (12 factors59,67), out
lier scans (below 14 factors63), session and task effects and 
their first order derivatives (8 factors), and linear trends (2 
factors) within each functional run. Considering prior studies 
highlighting the confounding influence of main task effects on 
functional connectivity outcomes,68,69 the main task effect 
was modeled as a response convolved with the canonical 
hemodynamic response function, along with its first-order de
rivative. Both were subsequently regressed out to mitigate 
task-related modulation and isolate functional connectivity 
results. Regression was followed by bandpass frequency fil
tering of the BOLD time series70 between 0.009 Hz and 
0.08 Hz, as applied previously in fMRI studies using the 
n-back task.71,72 CompCor73,74 noise components within 
white matter and cerebrospinal fluid were estimated by com
puting the average BOLD signal as well as the four largest 

principal components orthogonal to the BOLD average, as 
recommended based on an investigation of noise reduction 
including different numbers of principal components and 
evaluating anticorrelations between resting and task-based 
networks.74 From the number of noise terms included in 
this denoising strategy, the effective degrees of freedom of 
the BOLD signal after denoising were estimated to range 
from 143.7 to 438.9 (average 397.8) across all participants.64

First level analyses
First-level analysis seed-based connectivity maps were esti
mated to characterize the spatial patterns of functional con
nectivity associated with a predefined seed region. Using the 
CONN toolbox, weighted seed-based connectivity maps 
were computed by correlating the average BOLD time series 
of the seed region with the time series of all other voxels in 
the brain for each task condition. This approach enables 
characterization of condition-specific functional connectiv
ity strength. Three seed regions were analysed (see Seed cre
ation section). Functional connectivity strength was thus 
represented by Fisher-transformed bivariate correlation 
coefficients from a weighted least squares general linear 
model,59 estimated separately for each seed area and target 
voxel, modelling the association between their BOLD signal 
time series. Individual time series were weighted by a boxcar 
signal characterizing each task or experimental condition 
convolved with an SPM canonical hemodynamic response 
function. The weights were defined to encompass entire 
runs for each condition.

To investigate further whether the observed functional 
connectivity differences with the ANT when including a pro
spective memory component, compared with ongoing task 
performance alone, reflected the inclusion of the prospective 
memory task rather than a general cognitive load increase, 
we also compared functional connectivity when including 
the trial onsets as a regressor. While the neural correlates 
of cognitive processing accompanying strategic monitoring 
are sustained throughout a prospective memory paradigm, 
the correlates of spontaneous retrieval are transient, arising 
when a prospective memory cue is detected.10,24 A psycho
physiological interaction (PPI) analysis was conducted 
to evaluate the effect of prospective memory on the 
seed-to-voxel connectivity of the left ANT. PPI analysis is 
an approach to the investigation of task-specific changes in 
the relationship between activity in different brain areas, 
such as a seed region and other voxels, for example, as 
here, in the whole brain, in a particular psychological para
digm.75 To this end, we took into account the prospective 
memory item onset times. This analysis enabled evaluation 
of whether functional connectivity observed when a pro
spective memory component was added was temporally as
sociated with the appearance of prospective memory cues.

Second level analyses
Group-level analyses were performed using a general linear 
model framework, specifically employing a linear mixed-effects 
model to account for both fixed effects of the experimental 
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conditions and random effects across participants. This ap
proach allows for the analysis of voxel-level hypotheses by in
corporating multivariate parametric statistics, which include 
variability across participants as random effects. Additionally, 
sample covariance estimation was used to account for variability 
across multiple outcome measures. Inferences were performed 
at the cluster level, based on parametric statistics from 
Gaussian Random Field theory.59,76 Results were thresholded 
using a combination of a cluster-forming P < 0.001 voxel-level 
threshold, and a p-FWE < 0.05 cluster size threshold,77 as re
commended78,79 and commonly applied.80-82 A left ANT 
seed, a mirror location in the right ANT, and a parvocellular div
ision of left mediodorsal thalamic nucleus seed for the DMNT 
were used for seed-to-voxel functional connectivity analysis 
(Table 1). The MNI coordinates of the seeds were those reported 
in an fMRI study examining BOLD activity during a recognition 
and cued recall task using atlas-based regions of interest.30 The 
locations chosen are described below.

We contrasted the 3BPM with both the 3B and the 2BPM 
conditions. A voxel threshold of 0.001 was again applied. 
Where trends were observed, we explored these with a 
0.005 threshold, which is commonly applied in PPI ana
lyses.83,84 We additionally compared the 3B and 2B condi
tions to evaluate whether connectivity differences involved 
similar locations when only the cognitive load was increased, 
without involving prospective memory. Note that the behav
ioral findings in the 2-back condition were consistent with 
strategic monitoring for the prospective memory task. Any 
functional connectivity differences in the 2BPM compared 
with the 2B condition would be expected to be continuous 
throughout the block and therefore not related to prospect
ive memory item onset times. As with the seed-based con
nectivity analysis above, individual time series were 
weighted by a boxcar signal characterizing each condition 
convolved with an SPM canonical hemodynamic response 
function. The weights were defined over the 2 s following 
prospective memory and ongoing task onset times.

Statistical analysis
A two-way repeated measures ANOVA was applied to the 
functional connectivity with each seed, with the factors 
Task Type (with, without prospective memory) and 
N-Back (2-back, 3-back), at voxel threshold < 0.001 and 
cluster size threshold P < 0.05, as per above.

Direct comparisons

Based on the results from the seed-to-voxel whole brain func
tional connectivity analysis, confirmatory analyses with dir
ect comparisons were performed. We assessed ANT 
laterality, whether increased cognitive load accounts for 
the greater functional connectivity when prospective mem
ory is involved, and specificity of the ANT in contrast with 
another thalamic nucleus engaged in declarative memory, 
the DMNT. Evaluations were performed by comparing left 
ANT functional connectivity with the regions-of-interest 
(ROIs) identified in the seed-to-voxel whole brain analyses. 
In the 2-back task, the ROI identified was the left DLPFC, 
and in the 3-back tasks, the left and the right STG (see 
Results: Functional connectivity section). We extracted the 
mean signal from the significant clusters and calculated func
tional connectivity in the conditions (2BPM, 3BPM, 2B, 3B) 
between which the clusters were found. Additionally, we 
used the mean signal from regions from the AAL3 atlas58

that encompassed those clusters.

Lateralization

To test for the laterality of the ANT connectivity variation 
depending on prospective memory, repeated measures 
ANOVAs were applied, with the within-subject factors 
Laterality (left ANT–ROI, right ANT–ROI) and Task 
Type (with, without prospective memory).

Cognitive load

To assess whether the greater left ANT–ROI functional con
nectivity seen in conditions involving prospective memory 
simply reflected a greater cognitive load, we applied repeated  
measures ANOVAs with the between-subject factors 
N-Back (2-back, 3-back) and Task Type (with, without pro
spective memory) to the left ANT–ROI functional connectiv
ity. We also applied two-sided paired t-tests to compare the 
functional connectivity difference between the n-back task 
alone and with a prospective memory component and the 
functional connectivity difference between the 2- and 
3-back tasks alone.

Specificity of ANT

To test for the specificity of the PM-dependent connectivity 
difference on the thalamic nuclei, ANT, repeated measures 
ANOVAs were applied, with the within-subject factors 
Thalamic Nuclei (left ANT–ROI, left DMNT–ROI) and 
Task Type (with, without prospective memory) for the 
2- and 3-back tasks.

Results
Behavioral findings
Approach to task
More participants reported mostly guessing in the 3- than the 
2-back conditions (Fig. 2). Paired t-tests showed participants 
reported greater confidence in their ability to perform the 

Table 1 MNI coordinates for seed locations (coordinates 
adapted from findings by Pergola et al.30).

Seed Location Side x Y z

1 anterior nuclei of the thalamus L −8 −6 3
2 anterior nuclei of the thalamus R 8 −6 3
3 dorsomedial nucleus of the 

thalamus
L −6 −19.5 7.5

Seed 2 was mirrored to the right side from the coordinates for the left side (Seed 1) by 
inversing the x-coordinates. ANT, anterior nuclei of the thalamus; L: left; MDpc,   
parvocellular division of mediodorsal thalamic nuclei; R, right.

8 | BRAIN COMMUNICATIONS 2025, fcaf135                                                                                                                    L. Flanagan et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/7/2/fcaf135/8107986 by Leibniz-Institut fuer N

eurobiologie, W
iss. Bibliothek user on 29 April 2025



2- (score mean = 3.1, SD 1.2) than 3-back task alone [M = 2.4, 
SD 1.1; T(9) = 2.69, P = 0.025]. These findings were mir
rored when the prospective memory task component was in
cluded (2-back with prospective memory: M = 3.1, SD 1.2; 
3-back with prospective memory [M = 1.8, SD 0.92; 
T(9) = 3.07, P = 0.013]. Adding the prospective memory 
task component did not result in a significant difference in re
ported ability to perform the task in either the 2- or 3-back 
conditions (P’s > 0.05).

Task performance and cognitive load
Accuracy and RTs were normally distributed according to 
the Shapiro–Wilk test, with no outliers (defined as exceeding 
three times the interquartile range above the third or below 
the first quartile).

N-back task performance

Main effects of N-Back [F(1,13) = 30.4, P < 0.001, ηp
2 = 0.70] 

and Task Type [F(1,13) = 6.1, P = 0.029, ηp
2 = 0.32] were ob

served. Post hoc testing showed that d′ was greater during the 
ongoing task alone [mean d′ = 1.69, 95% CI = (1.47, 1.91)] 
than when the prospective memory task was introduced 
[M = 1.56 (1.38, 1.73)], and the d′ was greater during 2B 
[M = 1.87 (1.65, 2.10) than 3B (M = 1.37 (1.17, 1.58)]. 
There was no significant interaction.

A main effect of Task Type [F(1,13) = 21.0, P < 0.001, 
ηp

2 = 0.62] was observed for RTs, but no main effect of 
N-Back and no interaction (P > 0.05). Post hoc testing 
showed that the RTs were faster during the ongoing task 
alone [mean RT = 946 ms, 95% CI = (880, 1013)] than 
when the prospective memory task was introduced [mean 
RT = 1038 ms (974, 1101); P < 0.001].

Prospective memory task component performance

Examining prospective memory responses, the percentage of 
responses to prospective memory items that were correct 
did not differ significantly between the 2-back (M = 61.7%, 

SD = 24.7) and 3-back (M = 61.2%, SD = 22.4) conditions 
[T(13) = 0.12, P = 0.90]. The RTs also did not differ signifi
cantly between the 2-back (M = 926 ms, SD = 113) and 
3-back (M = 874 ms, SD = 136) conditions [T(13) = −0.88, 
P = 0.39]. Furthermore, the RTs did not differ significantly 
between ongoing task (M = 946 ms, SD = 115) and prospect
ive memory (M = 900 ms, SD = 119) items [T(13) = 1.18, 
P = 0.26].

Effect of reported approach on n-back performance

When including Reported Approach as a covariate, a 
three-way interaction was observed between Task Type, 
N-Back, and Reported Approach [F(1,10) = 8.60, P = 0.015, 
ηp

2 = 0.46; Fig. 3]. After correcting for Reported Approach, 
the two-way interaction remained between Task Type and 
N-Back [F(1,10) = 5.79, P = 0.037, ηp

2 = 0.37], and the effect 
was greater for participants reporting a strategic monitoring 
approach. Post hoc testing showed a lower d’ in the 2-back 
when the prospective memory was included [M = 1.80 (1.61, 
1.98)] than in the 2-back alone [M = 1.92, 95% CI =([1.68, 
2.16); P = 0.036]. No such difference was observed in 
the 3-back condition [3-back with prospective memory: 
M = 1.31 (1.03, 1.59); 3-back alone: M = 1.41 (1.23, 1.59); 
P = 0.16]. The d′ was lower with than without the prospective 
memory task in the 2-back condition (P < 0.001) and in the 
3-back condition (P = 0.003). Applying the analysis to RTs, 
no three-way interaction was seen, but an analogous tendency 
was observed examining a potential interaction between Task 
Type and N-Back after correcting for Reported Approach 
[F(1,10) = 2.59, P = 0.14, ηp

2 = 0.21]. Post hoc testing was ap
plied to examine whether the direction of any RT differences 
suggested a speed–accuracy trade-off, or supported the accur
acy findings. RTs were slower in the 2-back when the prospect
ive memory component was included [M = 948 ms (855, 
1041)] than in the 2-back alone [M = 904 ms (843, 965); 
P = 0.23]. Again, like for accuracy, the difference was less in 
the 3-back condition [3-back with prospective memory: M =  
1019 ms (927, 1111); 3-back alone: M = 1020 ms (961, 
1077); P = 0.97]. The RTs were slower with than without 
the prospective memory task in the 2-back condition 
(P < 0.001) and in the 3-back condition (P = 0.045).

Effect of reported approach on prospective memory 
performance

An interaction was seen in the RTs for prospective memory 
responses between N-Back and Reported Approach 
[F(1,10) = 9.37, P = 0.012, ηp

2 = 0.48; Fig. 3]. Post hoc test
ing showed faster RTs to prospective memory cues in the 
3-back [M = 851 ms, 95% CI = (766, 938)] than the 
2-back [M = 902 (835, 970); P = 0.02] condition. No inter
action was observed for the prospective memory hit rate 
between N-Back and Reported Approach [F(1,10) = 0.84, 
P = 0.38, ηp

2 = 0.077].

Performance over time

Mean RT was faster at the end (M = 979 ms, SD = 1090) 
than the start of the blocks [M = 1034 ms, SD = 949; 

Figure 2 Participants’ ratings of their ability to perform 
the particular task type. PM: prospective memory component. 
Dark blue reflects score 1, progressing with the scale to light blue 
for score 5.
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T(13) = 3.12, P = 0.008]. Accuracy did not significantly dif
fer between the start and end, and no significant interactions 
or main effects were observed for the factors Task Type and 
N-Back for the change in d′ or RT from the beginning to the 
end of the blocks (all P > 0.05).

Functional connectivity
Seed 1: left ANT
Examining functional connectivity with Seed 1 in the ANT, clus
ters based on the applied significance thresholds (voxel thresh
old P < 0.001; cluster size threshold P < 0.05) were identified. 

The clusters reported were significant with a minimum 
T-value of T(13) = 4.22. Cluster locations where the cluster 
size p-FWE < 0.05 are given, together with cluster size, k.

A main effect of Task Type was observed in the left dorso
lateral superior frontal gyrus according to the AAL3 atlas, in 
the DLPFC based on the cluster coordinates, and in the left 
superior temporal gyrus (STG; Table 2). Based on the effect 
sizes, the functional connectivity with each cluster location 
was greater in the prospective memory condition than in 
the ongoing task alone (Fig. 1C and D).

While a main effect of N-Back was also observed, the clus
ter locations differed from those showing a main effect of 

Figure 3 Behavioral performance during the task, reflected in accuracy (d′) and reaction times. Individual participant data points and 
standard error of the mean are shown. (A) Accuracy in the n-back task as the ongoing task with different cognitive loads, with and without a 
prospective memory component. ANOVA: Task Type x N-Back interaction after correcting for Reported Approach [F(1,10) = 5.79, P = 0.037, 
ηp

2 = 0.37], with greater effects for participants reporting employing strategic monitoring. Post hoc: lower accuracy in the 2-back when the 
prospective memory was included than in the 2-back alone (P = 0.036). Accuracy was lower with than without the prospective memory task in the 
2-back (P < 0.001) and in the 3-back condition (P = 0.003). (B) Reaction times during the ongoing task with different cognitive loads, alone and with a 
prospective memory component included. ANOVA: no significant Task Type x N-Back interaction after correcting for Reported Approach [F(1,10) =  
2.59, P = 0.14, ηp

2 = 0.21]. (C) Hit rate in the prospective memory task, with different cognitive loads in the ongoing task. ANOVA: N-Back x Reported 
Approach interaction [F(1,10) = 9.37, P = 0.012, ηp

2 = 0.48]. Post hoc: faster RTs to prospective memory cues in the 3-back than the 2-back (P = 0.02) 
condition. (D) Reaction times during the prospective memory task, with different cognitive loads in the ongoing task. ANOVA, no significant 
interactions or main effects; OGT, ongoing task; PM, prospective memory component.
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Task Type. Clusters were located in the right anterior pre
frontal cortex and the left postcentral gyrus or somatosen
sory association cortex (Table 2).

An interaction between Task Type and N-Back was ob
served at the right inferior frontal gyrus, the right inferior oc
cipital cortex, the left angular gyrus, and near to the right 
medial orbital superior frontal gyrus (Table 2).

Based on the interaction, post hoc comparisons were 
made. Contrasting the 2BPM with the 2B condition, func
tional connectivity was greater with left DLPFC, in a similar 
location to that identified as showing a main effect of Task 
Type (Fig. 4).

Contrasting the 3BPM with the 3B condition, greater 
functional connectivity was observed in the 3BPM than the 
3B condition in the left and right STG, in a similar location 
to that identified as showing a main effect of Task Type 
(Fig. 5). Greater functional connectivity in the 3B than 
3BPM condition was seen with the right medial superior 
frontal gyrus, the inferior frontal gyrus and the right middle 
occipital gyrus.

Contrasting the 3B and 2B conditions, greater functional 
connectivity was seen in the 3B than the 2B condition with 
the right medial superior frontal gyrus and the right middle 
frontal gyrus (Fig. 6).

Finally, contrasting 3BPM with 2BPM, no cluster was sig
nificant following FWE correction.

We note that while post hoc testing showed a significant 
difference between 2B and 2BPM and also between 3B and 
3BPM, the effect size was smaller in the latter contrast.

The regression analysis including trial onset times showed 
greater functional connectivity during the 3BPM compared 
with the 3B condition with the left supramarginal/superior 
temporal gyrus and a trend to being greater with the right su
pramarginal/superior temporal gyrus. At a lower voxel 
threshold, the significance of the left temporal cluster in
creased, but that on the right remained a trend. 3BPM com
pared with 2BPM showed a trend towards greater 
connectivity with the left supramarginal/superior temporal 
gyrus only at a voxel threshold of 0.001 and was significantly 
greater at a voxel threshold of 0.005. Contrasting 3B and 2B 

Table 2 Functional connectivity with the left ANT (Seed 1) according to Task Type and N-Back

MNI-coordinates Cluster location Brodmann’s area85 Cluster size T(13) p-FWE

Main effect of Task Type
−22 38 42 Left dorsolateral superior frontal gyrus (DLPFC) BA 9 39 7.07 0.0070
−54 −28 10 Left superior temporal gyrus BA 22 33 7.65 0.019
Main effect of N-Back
06 44 00 Right anterior prefrontal cortex BA 10/11 63 8.01 0.0018
−16 −44 70 Left postcentral gyrus: primary somatosensory cortex BA 2 42 −7.58 0.0047
Interaction between Task Type and N-Back
52 24 22 Right inferior frontal gyrus BA 45 33 −6.87 0.021
24 −98 −08 Right inferior occipital gyrus BA 18 32 −5.74 0.025
−50 −70 26 Left angular gyrus BA 39 30 −7.5 0.035
04 66 −18 Near right medial orbital superior frontal gyrus BA 48 29 −6.20 0.042
Post hoc test of main effect of Task Type: 2BPM versus 2B
−16 42 44 Left dorsolateral superior frontal gyrus (DLPFC) BA 9 59 7.85 0.00028
Post hoc test of main effect of Task Type: 3BPM versus 3B: 3BPM > 3B
−48 −30 06 Left superior temporal gyrus BA 48 143 10.26 <0.000001
52 −18 04 Right superior temporal gyrus BA 48 75 10.55 0.000037
Post hoc test of main effect of Task Type: 3BPM versus 3B: 3B > 3BPM
4 40 50 Right medial superior frontal gyrus BA 8 45 −7.91 0.0030
48 24 20 Right inferior frontal gyrus BA 48 44 −10.10 0.0035
44 −78 22 Right middle occipital gyrus BA 39 31 −7.13 0.031
Post hoc test of main effect of Task Type: 3B versus 2B
04 46 00 Right medial superior frontal gyrus BA 10/11 50 6.91 0.0012
50 10 50 Right middle frontal gyrus BA 9/44 30 6.02 0.035
PPI: 3BPM versus 3B
−62 −36 26 Left supramarginal/superior temporal gyrus BA 48 19 6.72 0.00038
66 −24 26 Right supramarginal/superior temporal gyrus BA 2/48 9 5.53 0.092
PPI: 3BPM versus 3B, with voxel threshold P = 0.005
−62 −36 26 Left supramarginal/superior temporal gyrus BA 48 53 6.49 0.000034
66 −24 26 Right supramarginal/superior temporal gyrus BA 2/48 21 5.38 0.099
PPI: 3BPM versus 2BPM
−60 −36 24 Left supramarginal/superior temporal gyrus BA 48 9 8.28 0.12
PPI: 3BPM versus 2BPM, with voxel threshold P = 0.005
−60 −36 24 Left supramarginal/superior temporal gyrus BA 48 47 8.00 0.00019
−26 +66 48 Right frontal area (not an AAL3 region) not a BA region 21 −6.91 0.012
PPI: 3B versus 2B, with voxel threshold P = 0.005
26 −96 −10 right inferior occipital gyrus BA 18 32 −6.51 0.0080

PPI (psychophysiological interaction) refers to the additional analysis in which trial onset was included. Voxel threshold P = 0.001, unless otherwise specified. 2B, 2-back task; 2BPM, 
2-back task with prospective memory component; 3B, 3-back task; 3BPM, 3-back task with prospective memory component; BA, Brodmann’s area.
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conditions, no difference in connectivity with a temporal 
cortical cluster was observed.

Seed 2: right ANT
Applying an analogous ANOVA based on functional con
nectivity with the right ANT seed (Seed 2) also showed a 
main effect of Task Type, with clusters showing greater func
tional connectivity when a prospective memory component 
was included than when the ongoing task was performed 
alone, at a location near to the superior/middle/inferior tem
poral gyri on the same side, and less functional connectivity 
at the pallidum, near the left ANT (Table 3). A main effect of 
N-Back was also observed, with clusters in the right cuneus, 
the left calcarine fissure, the right inferior temporal gyrus and 

the right cerebellum. An interaction was seen, with a cluster 
in the left dorsolateral superior frontal gyrus (Table 3).

Based on the interaction, post hoc pairwise comparisons 
were performed (Table 3). Contrasting 2BPM with 2B, a 
cluster was seen in the contralateral (left) postcentral 
gyrus, with lower functional connectivity with Seed 2 in 
the prospective memory condition. Contrasting the 3B 
and 2B conditions, greater functional connectivity was 
seen in the 3B condition in a region close to the left caudate 
and in the left medial superior frontal gyrus. Contrasting 
the 3BPM and 3B conditions, greater functional connectiv
ity was seen in the 3BPM condition in a region close to the 
right pallidum. Finally, contrasting 3BPM with 2BPM, 
clusters were seen in the right calcarine fissure and the 
left inferior frontal gyrus.

Figure 4 Functional connectivity difference between 2BPM and 2B conditions based on a seed in the anterior nuclei of the thalamus 
(Seed 1). Greater functional connectivity was observed in the 2BPM than the 2B condition with the left dorsolateral superior frontal gyrus (ANOVA: 
p-FWE = 0.00028). 2B, 2-back task; 2BPM, 2-back task with prospective memory component. T represents the T-values relating to the cluster size 
threshold.

Figure 5 Functional connectivity difference between 3BPM and 3B conditions based on a seed in the anterior nuclei of the 
thalamus (Seed 1). Greater functional connectivity was observed in the 3BPM than the 3B condition in the in the left (p-FWE < 0.000001) and right 
superior temporal gyri (ANOVA: p-FWE = 0.000037). Greater functional connectivity in the 3B than 3BPM condition was seen with the right medial 
superior frontal gyrus (ANOVA: p-FWE = 0.0030), the inferior frontal gyrus (ANOVA: p-FWE = 0.0035), and the right middle occipital gyrus (p ANOVA: 
-FWE = 0.031). 3B, 3-back task; 3BPM, 3-back task with prospective memory component. T represents the T-values relating to the cluster size threshold.
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Seed 3: left DMNT
An analogous ANOVA based on the left DMNT seed 
(Seed 3) revealed a main effect of Task Type, with clusters 
in the right inferior frontal gyrus, around the left pre- and 
post-central gyrus, and the left superior temporal gyrus, 
and a main effect of N-Back, with a cluster in the left middle 
occipital gyrus (Table 4). No significant interaction was seen.

Direct comparisons
Lateralization

A significant 2 × 2 interaction was observed for functional 
connectivity with the left DLPFC between Laterality (left 
ANT, right ANT) and Task Type (with, without prospective 
memory) in the 2-back condition (Supplementary Table 1). 
Post hoc tests showed significantly greater left ANT– 
DLPFC connectivity with than without prospective memory 
and significantly greater left ANT–DLPFC than right ANT– 
DLPFC connectivity when including prospective memory. 
The findings were analogous for functional connectivity 
with the left and the right STG in the 3-back condition, 
though only marginally significant for the latter comparison 
for the right STG.

Cognitive load

A significant 2 × 2 interaction was observed for left ANT– 
DLPFC functional connectivity between N-Back (2-back, 
3-back) and Task Type (with, without prospective memory) 
(Supplementary Table 2). Post hoc tests showed significantly 
greater left ANT–DLPFC functional connectivity with pro
spective memory in the 2-back but not the 3-back task. If 
cognitive load were the sole driver of left ANT–DLPFC func
tional connectivity, analogous findings would be expected in 
the 3-back condition. On direct comparison, moreover, the 
connectivity was not significantly greater with prospective 
memory in the 3- than 2-back condition. Main effects should 

be viewed with caution in the presence of a significant inter
action, but we note a significant main effect of Task Type 
(with, without prospective memory) but not of N-Back 
(2-back, 3-back). Finally, the effect of an additional pro
spective memory task on top of the ongoing n-back task 
(i.e. 2-back with prospective memory > 2-back without) 
was relatively larger than the working memory load per se 
(i.e. 3-back > 2-back). The findings were analogous for func
tional connectivity between the left ANT and the left and the 
right STG, though for the left STG, when prospective mem
ory was included, connectivity just reached significance for 
being greater in the 3- than 2-back condition.

Specificity of ANT

A significant 2 × 2 interaction was observed for ANT– 
DLPFC functional connectivity between Thalamic Nuclei 
(left ANT–DLPFC, left DMNT–DLPFC) and Task Type 
(with, without prospective memory) in the 2-back condition 
(Supplementary Table 3). Post hoc testing showed signifi
cantly greater left ANT–DLPFC connectivity with than with
out prospective memory, which was not the case for left 
DMNT–DLPFC connectivity. Left ANT–DLPFC was great
er than left DMNT–DLPFC connectivity with prospective 
memory. Analogous interactions were observed for connect
ivity with the left and the right STG, and connectivity was 
significantly greater with than without prospective memory. 
However, while left ANT–STG was greater than left 
DMNT–DLPFC connectivity with prospective memory, it 
was not significant for either the left or the right STG. In sum
mary, the effect of prospective memory on thalamus connect
ivity was specific to the ANT.

Functional connectivity comparisons based on atlas-based 
ROI masks

These direct comparisons were repeated using atlas-derived 
ROIs encompassing the larger number of voxels defined as 

Figure 6 Functional connectivity difference between 3B and 2B conditions. Greater functional connectivity was observed in the right 
medial superior frontal gyrus (ANOVA: p-FWE = 0.0012) and in the right middle frontal gyrus (ANOVA: p-FWE = 0.035). 2B, 2-back task; 3B, 
3-back task. T represents the T-values relating to the cluster size threshold.
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the DLPFC and STG regions (see Supplementary Material). 
Examining lateralization, the same interactions were ob
served (Supplementary Table 4). Post hoc testing revealed 
analogous tendencies, which reached greatest significance 
for connectivity with the left STG. Similarly, in examining 
the influence of cognitive load, the functional connectivity 
of the left ANT was greater with all three cortical regions 
when prospective memory was added rather than a simple 
cognitive load increase from 2- to 3-back (Supplementary 
Table 5). While the finding was a trend for the DLPFC, it 
was significant for the STG. Finally, the analogous interac
tions examining the left ANT compared with the left 
DMNT showed significant interactions for the STG 
(Supplementary Table 6). For the DLPFC, there were signifi
cant main effects of which thalamic nucleus was examined 
and of whether prospective memory was added.

Discussion
Supporting the hypothesis that the ANT play a role in coord
inating prospective memory processing, the left ANT 
showed greater functional connectivity with the left 

DLPFC and STG when a prospective memory component 
was added to the ongoing working memory task. 
Functional connectivity between the left ANT and these re
gions was not observed when contrasting performance of 
the 2-back with the 3-back task, supporting the notion that 
the greater functional connectivity on introducing the pro
spective memory task does not simply reflect greater cogni
tive load. Direct comparisons underlined this finding, 
showing greater functional connectivity differences between 
the left ANT and these cortical regions when a prospective 
memory task was added to the 2-back task than when the 
working memory cognitive load was increased by perform
ing a 3-back instead of 2-back task. This functional connect
ivity difference was not observed with the left DMNT, 
another thalamic nucleus engaged in declarative memory, 
pointing to a specific role for the ANT in prospective mem
ory processing. Significant interactions were seen between 
the Thalamic Nuclei (left ANT–ROI versus left DMNT– 
ROI) and whether the task included prospective memory, 
with significant post hoc differences on including prospective 
memory for connectivity with the left ANT but not the left 
DMNT. Finally, such functional connectivity was not ob
served for the right ANT, with direct comparison showing 

Table 3 Functional connectivity with the right ANT (Seed 2) according to Task Type and N-Back

MNI-coordinates Cluster location Brodmann’s area Cluster size T(13) p-FWE

Main effect of Task Type: with > without prospective memory
48 −26 −10 Near right superior/middle/inferior temporal gyri BA 48 37 9.16 0.0096
Main effect of Task Type: without > with prospective memory
−12 6 −4 Left pallidum (near left ANT) - 83 7.36 0.00001
Main effect of N-Back
10 −88 14 Right cuneus BA 18 86 −12.1 0.000006
−8 −90 −4 Left calcarine fissure BA 17 64 −8.11 0.00012
60 −38 −20 Right inferior temporal gyrus BA 20 32 8.63 0.021
26 −58 −46 Right cerebellum BA 48 30 8.64 0.031
Interaction between Task Type and N-Back
−12 56 28 Left dorsolateral superior frontal gyrus BA 9 36 6.33 0.0094
Post hoc test of main effect of Task Type: 2BPM versus 2B: 2BPM > 2B
−32 −28 40 Near left postcentral gyrus - 30 −9.38 0.032
Post hoc test of main effect of Task Type: 3B versus 2B
−04 12 12 Near left caudate - 32 8.76 0.022
−6 52 8 Left medial superior frontal gyrus BA 10 28 6.78 0.047
Post hoc test of main effect of Task Type: 3BPM versus 3B
22 −6 02 Right pallidum BA 48 43 8.34 0.0031
Post hoc test of main effect of Task Type: 3BPM versus 2BPM
12 −90 4 Right calcarine fissure BA 17 32 7.56 0.018
−48 26 24 Left inferior frontal gyrus BA 48 29 −8.2 0.032

2B, 2-back task; 2BPM, 2-back task with prospective memory component; 3B, 3-back task; 3BPM, 3-back task with prospective memory component; BA: Brodmann’s area.

Table 4 Functional connectivity with the left DMNT (Seed 3) according to Task Type and N-Back

MNI-coordinates Cluster location Brodmann’s area Cluster size T(13) p-FWE

Main effect of Task Type: with > without prospective memory
58 34 08 Right inferior frontal gyrus BA 45 45 7.98 0.0027
−54 −12 46 Near left pre-/post-central gyrus BA 4 41 9.62 0.0052
−44 0 −8 Left superior temporal gyrus BA 48 29 8.98 0.042
Main effect of N-Back
−50 −78 6 Left middle occipital gyrus BA 19 56 −8.32 0.0004

BA, Brodmann’s area.
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greater functional connectivity for the left than right ANT, 
when prospective memory was included, consistent with a 
left laterality in prospective memory.

Task performance strategy
The deterioration in performance of the ongoing task, re
flected in lower accuracy and slower RTs in the ongoing 
task on addition of the prospective memory component, sug
gests strategic monitoring for the prospective memory cue. 
Intentional attention allocation to the prospective memory 
task, when a strategic monitoring approach is taken, can 
interfere with ongoing task performance.12,23,86 A non-focal 
task encourages strategic monitoring, reflected in greater 
cognitive resource control when coordinating processes at 
retrieval.15,87-89 The non-focal nature of our task, in which 
the cognitive processing required to respond to a prospective 
memory cue differs from the working memory processes en
gaged in the ongoing task, is consistent with a strategic mon
itoring approach. The lower ongoing task accuracy during 
the 3-back than the 2-back condition, with no change in 
RTs, is consistent with increased cognitive load during the 
3-back condition.90 The decline in participants’ self-reported 
ability to perform the 3- compared with the 2-back tasks also 
fits with an increase in cognitive load. The correct response 
rate and RTs to prospective memory cues did not differ ac
cording to the ongoing task cognitive load, and moreover, 
participants did not report an impact on their ability to per
form the task when a prospective memory component was 
added. Sustaining prospective memory performance in the 
3-back condition, despite the negative impact on n-back per
formance and positively perceived ability to perform the task 
despite greater cognitive load, suggests that the approach 
used in achieving the prospective memory component in 
the 3-back condition differed to that employed in the 
2-back condition, consistent with strategic monitoring for 
a prospective memory cue with the lower cognitive load 
and spontaneous retrieval when the cognitive load of the on
going task was greater.

While we did not observe an impact of cognitive load 
(2-back < 3-back) on prospective memory performance, if 
such a difference existed, our power to detect it was within 
the range of 5–30%. The questionnaires were therefore an 
important element in our interpretations regarding the ap
proach participants took to prospective remembering. 
Participants were asked whether they tended to rely more 
on spontaneous retrieval or strategic monitoring to perform 
the prospective memory task, and their responses were in
cluded as a covariate in the evaluation of accuracy (as d′ 
for the ongoing n-back task and as hit rate for the prospective 
memory task) and RT. Reporting of applying more strategic 
monitoring was associated with a greater negative impact on 
ongoing task performance in the low cognitive load 2-back 
condition. Reporting of more spontaneous retrieval was as
sociated with a better performance in responding to the pro
spective memory task in the high cognitive load 3-back 
condition. On the assumption that a participant’s 

predominant approach resulted in better performance under 
the conditions most suited to that approach, these findings 
provide further support for the supposition that the low cog
nitive load condition enabled participants to maintain the 
prospective memory component of the task actively, through 
strategic monitoring, while a greater reliance on a spontan
eous retrieval approach to the prospective memory task 
was more successful when the ongoing task had a high cog
nitive load. While this analysis provides support for the no
tion that strategic monitoring is favored in the low and 
spontaneous retrieval in the high cognitive load conditions, 
we nonetheless assume that individuals varied their ap
proach according to the condition. Separate ratings for 
each condition would ideally involve a between-group study 
design, requiring a larger participant number, with different 
groups for the low and high cognitive load conditions. Such a 
design would enable participants to evaluate their approach 
for a condition without increasing the importance they 
placed on the prospective memory component in subsequent 
blocks. Emphasizing the importance of the ongoing task has 
been proposed as a key factor in enabling study of spontan
eous retrieval.11

A further consideration is the use of the same four cue col
ours in all task types, which meant that after a colour was as
signed as a prospective memory cue, in subsequent blocks, it 
required an n-back response. We assumed that the emphasis 
on the n-back performance, as well as the cognitive load of 
the n-back task, would mean that the prospective memory 
instruction from a previous block would not be relevant in 
the next block. It has been suggested, however, that involun
tary recall of a previous prospective memory instruction 
could result in a requirement of suppression of the prospect
ive memory response on seeing that cue again.91,92 Using a 
larger selection of colours, so that a colour previously used 
as a prospective memory cue was not used in subsequent 
blocks would avoid this issue. However, using a unique col
our for prospective remembering would have made this cue 
more salient, reducing dependency on prospective memory 
that a different action was required for such a cue. 
Previous behavioral and imaging studies comparing post- 
prospective memory conditions with conditions in which 
no prospective memory component had been previously in
volved showed no differences, consistent with successful sup
pression of a previous prospective memory instruction.91,92

Indeed, an everyday life example might be a petrol station 
serving as a prospective memory cue after forming a pro
spective intention to buy petrol, which importantly ceases 
to induce prospective memory retrieval after petrol has 
been bought. Commission errors, or failure to suppress pro
spective retrieval after the cue is no longer relevant, increase 
with age.91 Such errors have been associated with prefrontal 
cortex activations interpreted as reflecting ongoing strategic 
monitoring.92 Our observation of functional connectivity in
volving prefrontal cortex in the condition in which we as
sumed strategic monitoring took place, which was not 
observed in the condition in which spontaneous retrieval 
was thought to occur, is consistent with previous reports of 
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successful suppression of previous prospective memory in
structions in our young participant group.

The DLPFC has an established role in prospective memory 
processing.26 Activation of region BA 9 in particular has 
been associated with prospective memory maintenance,10,93

and this area has also previously been associated with pro
spective memory retrieval with a 2-back task as the ongoing 
task,94 as applied in the current study. Our finding of greater 
functional connectivity between the left ANT and BA 9 dur
ing prospective memory maintenance is therefore consistent 
with engagement of the ANT in coordinating the memory 
and attentional brain networks underpinning prospective 
memory. Greater functional connectivity was also observed 
in the condition involving prospective memory between the 
left ANT and the left STG as well as between the right 
ANT and right STG. The STG has been associated with top- 
down attentional processing and memory retrieval, and 
changes in functional connectivity between the STG and 
widespread cortical regions during stimulus maintenance in 
working memory have led to the proposal of the STG as a 
hub region.11,95,96 Notably, the right STG was implicated 
in the latter working memory study, which was suggested 
to be associated with the spatial nature of the particular 
working memory task used.96 Modulation of STG activity 
has also been reported during processing of relationships be
tween stimuli presented simultaneously.97 This notion is in
teresting in the context of a prospective memory paradigm, 
in which a single stimulus is presented but is simultaneously 
relevant to two different tasks, the ongoing and the prospect
ive memory tasks. Taken together, these findings are consist
ent with strategic monitoring for a prospective memory cue 
in the prospective memory condition, with engagement of 
top-down attention and retrieval of the prospectively en
coded intention.

Examining post hoc comparisons of functional connectiv
ity with the left ANT seed, performed on the basis of the sig
nificant interaction, the contrast between functional 
connectivity in the 2BPM and 2B conditions corresponded 
with the main effect of Task Type observed in functional 
connectivity with DLPFC, while the contrast between func
tional connectivity in the 3BPM and 3B conditions showed 
greater correspondence with the main effect of Task Type 
seen in functional connectivity with the STG. These findings 
are consistent with a greater memory load in the 3-back con
ditions and more capacity for strategic monitoring when the 
overall cognitive load is lower, in the 2-back condition. 
While the behavioral findings indicate successful prospective 
memory processing in the 3BPM condition, the functional 
connectivity results suggest that the prospective memory 
task could be accomplished via a different mechanism, 
with a greater reliance on spontaneous retrieval. This inter
pretation fits with reports of more engagement of temporal 
regions in spontaneous retrieval.11,92 Moreover, a higher 
cognitive load can facilitate reliance on spontaneous re
trieval, even in non-focal tasks, such as used in the current 
study, where strategic monitoring is usually involved.27,86,89

We note that the effect size difference was greater contrasting 

the prospective memory with the ongoing task conditions 
using the 2- than the 3-back ongoing task. Given that the 
cluster sizes were greater and corresponding P-values smaller 
in the latter contrast, the greater overall effect size difference 
using the 2-back task is presumably due to the effect sizes re
flecting a seed to whole brain functional connectivity ana
lysis, with other brain regions contributing to the effect 
size difference without being included in any cluster exceed
ing the significance threshold.

Lateralization
Greater functional connectivity between the left ANT and 
both the DLPFC and STG is consistent with a role for the 
left ANT in the brain networks supporting prospective mem
ory. Direct comparison showed significant interactions be
tween laterality and whether a prospective memory 
component was included in the task, with greater left than 
right ANT functional connectivity with all three cortical re
gions. The difference was a trend for the right STG, which 
may be because there is no direct anatomical connectivity be
tween the left ANT and right STG.

The finding of laterality is in keeping with previous reports 
of left lateralization of activity related to prospective remem
bering, which was suggested to reflect the lateralization of 
language processing to the left hemisphere.27 It also fits 
with the memory-related activation in the left ANT in the 
study from which we derived the seed.30 Using the seed loca
tion mirrored to the right ANT showed a remarkably similar 
functional connectivity difference, however, with an ipsilat
eral (right) temporal cluster showing greater functional con
nectivity with the right ANT seed in the prospective memory 
condition than when the ongoing task was performed alone. 
We note that ANT–DLPFC functional connectivity was not 
observed with a right ANT seed, suggesting a laterality that 
could be attributed to the usage of letters in the n-back task 
and the lateralization of language in the left hemisphere in 
most right-handed individuals. We have previously observed 
modulation of electrophysiological activity in both the left 
and the right ANT during memory formation in a paradigm 
using visual scenes.36,38 Given reports of laterality of ANT 
function and differences in functional connectivity here, en
gagement of left and right ANT in different functional net
works is plausible, likely related to the modality of the 
paradigm, in which verbalization of the task is a potential 
strategy. Both ANT seeds showing greater functional con
nectivity with the STG does suggest engagement of the 
ANT on both sides in prospective remembering, however, al
beit potentially in different ways.

Cognitive load
Given that adding a prospective memory component has the 
potential to increase the cognitive load in the task, we also 
examined whether simply increasing the cognitive load of 
the ongoing task, by using a 3- rather than 2-back paradigm, 
would yield similar greater functional connectivity in 
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contrast with the 2-back alone to that observed on adding 
the prospective memory component. While greater frontal 
functional connectivity was observed, the frontal areas that 
were involved, BA 10/11 and BA 9/44, were more medial 
and anterior in location than the region of BA 9 (part of 
the DLPFC), where including a prospective memory compo
nent was associated with greater functional connectivity 
than when the ongoing task was performed alone. Of note 
also is that the functional connectivity with these regions 
was on the right side rather than the left, suggesting indirect 
functional connectivity as a part of a wider network. On dir
ect comparison, an interaction was seen between N-Back 
(2-back, 3-back) and Task Type (with, without prospective 
memory). Left ANT–DLPFC functional connectivity was 
greater in the 2-back condition when a prospective memory 
component was included. When prospective memory was 
included, there was no significant difference between the 3- 
and 2-back task conditions, which would have been ex
pected if the greater functional connectivity only reflected 
cognitive load. While the significant interaction limits inter
pretability of main effects, we note that there was a main ef
fect of Task Type, with greater functional connectivity when 
prospective memory was included, but not of N-Back, con
sistent with differing associated functional connectivity. 
Moreover, a greater difference was observed between the 
2-back conditions with and without a prospective memory 
component than between the 3-back and 2-back conditions 
without prospective memory. Taken together, these observa
tions are consistent with the effects on ANT–DLPFC func
tional connectivity reflecting prospective remembering 
beyond simply increasing the cognitive load. The finding is 
consistent with the suggestion that medial PFC is more active 
during an ongoing task requiring working memory, with the 
lateral PFC underpinning delayed intentions.26 BA 11 is also 
active in working memory and the encoding of new informa
tion.98 Encoding the next stimuli in a 3-back task could po
tentially require greater involvement of this region. BA 44, 
which is considered as part of the ventrolateral PFC, particu
larly on the right side, has been shown to be engaged in 
working memory and motor response inhibition.99 Given 
the lower number of targets than non-targets in the ongoing 
task, inhibition of a non-target response could be greater in 
the more challenging 3- than 2-back task. Importantly, vary
ing the cognitive load of the ongoing task alone did not 
produce the same functional connectivity patterns as intro
ducing the prospective memory task component, suggesting 
that differences in connectivity on adding prospective mem
ory do not simply reflect greater cognitive load.

Including a prospective memory component in the 3-back 
condition had no impact on ongoing task performance, con
sistent with spontaneous retrieval of prospective memory 
items when the cognitive load of the ongoing task was high
er. If the greater ANT–STG functional connectivity in the 
3BPM than 3B condition reflects spontaneous prospective 
memory retrieval, as opposed to a higher general cognitive 
load, this connectivity difference would be expected also to 
be detected when prospective memory onsets are included 

in a regression analyses. Greater connectivity was still ob
served between the left ANT seed and the left STG in the 
3BPM compared with the 3B condition and also compared 
with the 2BPM condition. Moreover, no such connectivity 
was observed comparing the 3B and 2B only conditions, pro
viding further support for the notion that the functional con
nectivity between the left ANT seed and the temporal cortex 
reflects processes underlying spontaneous prospective mem
ory retrieval rather than reflecting a general increase in cog
nitive load. Direct comparisons identified significant 
interactions between simple cognitive load (2- versus 
3-back) and whether a prospective memory component 
was included. Main effects of whether prospective memory 
was included were observed but not of whether 2- or 
3-back conditions were performed. A greater difference 
was found between the 2-back condition with and without 
prospective memory than between the 3-back and 2-back 
conditions without prospective memory. Taken together, 
these findings are consistent with prospective remembering 
having an impact on functional connectivity between the 
ANT and temporal cortex beyond simple cognitive load 
increase.

Specificity of ANT
Lesion studies point to engagement of the thalamus in pro
spective memory processing. To examine the specificity of 
a role for the ANT, we also examined seed-to-voxel whole 
brain connectivity with a seed located in another thalamic 
nucleus with an established role in episodic memory, the 
DMNT.30,100 The DMNT projects to frontal cortex, and dis
sociations have been reported between the roles of the 
DMNT and ANT in memory processing, with the DMNT 
thought to play a predictive role in memory encoding and 
an executive role in memory retrieval.29,30,34,35,100 While 
functional connectivity between the DMNT and left frontal 
areas differed according to whether a prospective memory 
component was included in the task, the areas were not those 
usually reported to be engaged in prospective memory and 
did not overlap with those showing functional connectivity 
with the ANT, suggesting that the ANT play a specific role 
in prospective remembering. Furthermore, direct compari
sons revealed interactions between the particular thalamic 
nucleus and whether a prospective memory component 
was included in the task, with greater functional connectivity 
between the left ANT and frontal and temporal cortex when 
a prospective memory component was included in the task.

Functional connectivity comparisons 
based on atlas-based ROI masks
Additional connectivity analyses with atlas-based cortical 
ROIs showed similar though weaker effects, which was un
surprising as the ROIs were much larger and did not only en
compass functionally relevant cortical subregions. (See 
Supplementary Material: Supplementary Discussion for 
a detailed report.) Functional specialization of cortical 
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subregions for specific tasks has been well established 
through electrocorticography.101

Limitations
We tested a young study population, in whom prospective 
memory impairment was not expected, to establish the 
potential engagement of the ANT in cognitive processes 
supporting prospective memory. However, prospective 
memory impairment more commonly affects older age 
groups, and future work is required to examine whether def
icits in the functional connectivity that we observed underpin 
the prospective memory deficits seen in older patient groups 
and those with specific neurological conditions. Given the 
multiple neuronal networks engaged in prospective memory, 
it is likely that disruption of differing processes underlies 
prospective memory impairment in different clinical 
populations.

Performance in an n-back task improves over time, re
flected in faster RT, especially at the beginning.45 To minim
ize the potential for the performance during one cognitive 
load to be influenced by having performed the task with 
the other cognitive load first, participants performed a prac
tice session of each of the four block types outside the scan
ner first, also providing the opportunity to ask any questions. 
Furthermore, the order was counterbalanced over partici
pants. We compared the change in accuracy and RT over 
the course of a given block type and found no main effect 
of cognitive load or of whether a prospective memory task 
component was included, suggesting that better performance 
with a low than high cognitive load and without than with 
the prospective memory cues reflects differences between 
the block types rather than training effects. Future work 
could avoid such a potential limitation, however, with a 
between-subject design, in which different participants are 
allocated to perform the different block types.

We aimed to exclude the possibility that the connectivity 
associated with the prospective memory conditions reflected 
a general increase in cognitive load by comparing with a con
trast between two different cognitive loads without a pro
spective memory component and by including participants’ 
reported approach to task performance in the analyses. 
However, a replication of the findings with a different set 
of paradigms is required to evaluate whether this connectiv
ity is consistently observed during prospective remembering, 
irrespective of the type of task.

A further consideration is the choice of task itself. We 
chose the n-back as the ongoing task, because multiple trials 
are performed and the timing of prospective memory re
trieval is also known, both of which are important factors 
for studying functional connectivity using fMRI. However, 
showing the prospective memory cue multiple times within 
a relatively short time period increases the probability that 
the prospective memory task will be maintained in working 
memory, so that only strategic monitoring and not spontan
eous retrieval is evaluated. While increasing the cognitive 
load of the ongoing task did mean that including the 

prospective memory component did not impair the ongoing 
task performance, suggesting that participants relied on 
spontaneous retrieval, and while some participants self- 
reported performing the prospective memory component 
through spontaneous retrieval, similar findings based on dif
ferent paradigms are required to confirm our interpretation.

Finally, we consider the sample size as a potential limita
tion. While larger participant groups are commonly included 
in fMRI studies at lower magnetic field strengths, compara
tively lower participant numbers are reported to be required 
in 7T-fMRI studies.47,102 In studies directly comparing ana
lyses of data recorded at different field strengths, the ultra- 
high spatial specificity at 7T enables examination of fMRI 
at an individual participant level, so that 7T studies can be 
performed with smaller participant numbers than when 
scanning at lower field strengths.103,104 Moreover, a recent 
study comparing memory consolidation using 7T and 3T 
fMRI with nine participants per group revealed expected 
changes in functional connectivity at 7T field strength, which 
were not detectable at 3T, even when correcting for 
signal-to-noise ratio differences.105 Differentiation between 
hippocampal subfields was possible in a group of 14 partici
pants during associative learning using 7T scanning,42 and 
memory traces were detected in the medial temporal lobe 
in eight participants at 7T.41 The contrast between 7T and 
3T field strengths that showed better discernment, particu
larly of subcortical structures, at 7T, was performed with 
ten participants.40 Differences in subcortical–cortical func
tional connectivity involving another small, subcortical 
structure, the subthalamic nucleus, and sensorimotor cortex 
were detected in a clinical study involving patient groups 
with twelve and 18 participants.106 We note, however, that 
our a priori power analysis was based on a different study de
sign to our own, as we were unable to identify a previous 7T 
study examining seed-based thalamic connectivity using a 
within-subject design. The reference study employed a 
between- rather than within-subject design. It may still be 
relevant in informing the sample size in our study, however, 
as within-subject study designs can, in principle, be more 
powered than between-subject designs.107 For example, in 
fMRI studies, the influence of cardiac and respiratory factors 
is reduced.69 However, this may not always be the case due 
to other potential factors, including order effect (which we 
minimized by pseudorandom order of conditions), corre
lated observations, and measurement precision. We note 
that while low power might limit the detection of additional 
functional connectivity differences, the observed effects in 
our study are robust, as evidenced by the statistically signifi
cant results at the chosen alpha level. Indeed, statistical sig
nificance in a smaller sample requires a stronger signal 
relative to noise.108 Future work should investigate whether 
these findings are replicable with different prospective mem
ory paradigms and larger sample sizes, to establish whether 
the ANT–cortical functional connectivity found here, when 
a prospective memory component was added to the ongoing 
task, reflects essential mechanisms underpinning prospective 
memory.
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Conclusion
Our findings support our hypothesis that the ANTs have a co
ordinatory role in prospective memory processing. Increased 
functional connectivity was observed between the ANT and 
cortical areas previously reported to be engaged in prospective 
memory. Previous evidence points to an active role for the ANT 
in episodic memory and for the thalamus in general in prospect
ive memory. Here, we identified a specific co-activation of a 
frontal cortical area known to be associated with monitoring 
processes in prospective remembering and the ANT during pro
spective memory processing, casting light on the mechanisms 
underpinning the retrieval of prospectively-encoded future in
tentions. The finding was not replicated in a contrast in which 
the cognitive load of the working memory task was increased 
without prospective memory, suggesting specificity for the 
complex combination of multiple systems underpinning pro
spective memory. Furthermore, the findings suggest that 
fMRI at an ultra-high field strength enables evaluation of func
tional connectivity with small, subcortical structures, including 
thalamic nuclei. Future studies, with larger participant groups, 
are nonetheless required to confirm these findings. A pivotal 
role for the ANT has potential implications both for patients 
with anterior thalamic lesions as well as for those receiving im
plantation of electrodes in the ANT for deep brain stimulation 
to treat pharmacoresistant epilepsy. ANT lesions can arise 
through Korsakoff’s syndrome following Wernicke’s encephal
opathy as well as through specific anterior thalamic infarc
tion,31 and an impact of such conditions on prospective 
remembering has implications for subsequent rehabilitation 
programs. Moreover, a potential modulation of prospective re
membering through ANT stimulation may require consider
ation when determining the optimal target stimulation site to 
maximize seizure reduction while minimizing effects on pro
spective memory.
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