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A B S T R A C T   

Functional MRI (fMRI) is a key tool for investigating neural underpinnings of cognitive development. Yet, in 
recent years, the reliability of fMRI effects has come into question and with it, the feasibility of using task-based 
fMRI to identify developmental changes related to cognition. Here, we investigated the reliability of task-based 
fMRI activations with a widely used subsequent memory paradigm using two developmental samples: a cross- 
sectional sample (n = 85, age 8–25 years) and a test-retest sample (n = 24, one-month follow up, age 8–20 
years). In the large cross-sectional sample, we found good to excellent group-level reliability when assessing 
activation patterns related to the encoding task and subsequent memory effects. In the test-retest sample, while 
group-level reliability was excellent, the consistency of activation patterns within individuals was low, partic
ularly for subsequent memory effects. We observed consistent activation patterns in frontal, parietal, and oc
cipital cortices, but comparatively lower test-retest reliability in subcortical regions and the hippocampus. 
Together, these findings highlight the limitations of interpreting task-based fMRI effects and the importance of 
incorporating reliability analyses in developmental studies. Leveraging larger and densely collected longitudinal 
data may help contribute to increased reproducibility and the accumulation of knowledge in developmental 
sciences.   

1. Introduction 

The ability to form vivid memories of past events is crucial in guiding 
everyday decisions and social interactions. Dramatic improvements in 
memory functioning from childhood to adulthood continue to draw ef
forts to elucidate the neural mechanisms that support memory devel
opment. With the advent of functional MRI (fMRI) as a neuroimaging 
technique, scientists have been able to characterize the neural substrates 
of memory by measuring changes in the blood oxygen-level dependent 
(BOLD) signal in the brain while participants complete a memory task in 
the scanner. Accumulating fMRI evidence continues to enrich our un
derstanding of how changes in functional activations of specific regions 
contribute to memory development. However, there is recent and 
growing appreciation of the many methodological factors that can in
fluence the ability to adequately interpret fMRI activations in order to 
characterize true developmental effects. 

Examining developmental effects reported in the extant fMRI studies 

on memory development evinces inconsistent patterns of age differ
ences, likely reflecting the limited ability to characterize true develop
mental trajectories with this method. To illustrate, we compare findings 
for two brain regions that are important for memory, the prefrontal 
cortex (PFC) and the hippocampus (Scoville and Milner, 1957; Shima
mura, 1995). While previous research has identified convergent devel
opmental effects in the PFC, with continued increases in the levels of 
activation and deactivation from childhood to adulthood (Ghetti and 
Bunge, 2012; Güler and Thomas, 2013; Ofen, 2012; Tang et al., 2018), 
consistent patterns have not been identified for developmental effects in 
the hippocampus. The hippocampus and its adjacent cortices show age 
invariance in their activation based on a number of cross-sectional 
studies (Güler and Thomas, 2013; Ofen et al., 2012, 2007; Shing et al., 
2016; Tang et al., 2020), but other studies have noted age-related in
creases (e.g., DeMaster et al., 2013; Ghetti et al., 2010; Paz-Alonso et al., 
2008) or decreases (Maril et al., 2010) in the contribution of these re
gions to memory. The inconsistent findings may reflect differences 
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between studies in methodology, research paradigms, and/or sample 
characteristics. For example, some of the studies mentioned above 
adopted intentional encoding (e.g., DeMaster et al., 2013; Ofen et al., 
2007; Tang et al., 2020), while others used an incidental encoding task 
(Ghetti et al., 2010). A recent longitudinal study by Nolden et al. (2021) 
showed that children as young as 5 years old utilized the hippocampus 
during intentional memory encoding, even though this effect did not 
differ between the group that remained in kindergarten and the group 
that went on to elementary school. These points aside, the discrepancies 
in hippocampal age effects nonetheless raise questions regarding the 
confidence in using fMRI to understand memory development. 

More broadly, the reliability of task-based fMRI in general has come 
into question during recent years. A growing body of literature show 
that the measurement reliability of activation patterns in fMRI tasks that 
are commonly used and widely validated remains modest at best, and 
the reliability is particularly low in subcortical regions in the brain 
(Elliott et al., 2020; Bennett and Miller, 2013). Suboptimal reliability, 
reflecting high measurement error, could result in difficulty extracting 
signal from noise and, in the context of developmental research, hinder 
our ability to detect true development effects. While a few studies have 
commented on the reliability of memory paradigms in healthy and 
clinical adults (Bennett and Miller, 2013; Brandt et al., 2013; Clément 
and Belleville, 2009; Harrington et al., 2006; Putcha et al., 2011; Tow
good et al., 2015), the reliability of assessing neural correlates of 
memory in typically developing populations remains unknown. Sys
tematic evaluations of the strength and limitations of these memory 
paradigms, ideally prior to conducting targeted developmental analyses, 
become paramount. 

When investigating the neural correlates underpinning cognitive 
development, task selection is usually motivated by a researcher’s 
notion of what task is best suited for measuring behavior that is reflec
tive of the desired cognitive construct. However, the reliability of the 
chosen paradigm is often neglected and can heavily influence the esti
mation of reliability in task-based fMRI, even when they are targeting 
the same construct (Bossier et al., 2020; Gorgolewski et al., 2013; Plichta 
et al., 2012; Turner et al., 2018; Vetter et al., 2017). Therefore, we argue 
that the reliability of a paradigm should be established first (e.g., 
Boenniger et al., 2021). One approach to examining paradigm reliability 
is to assess the internal consistency of the experimental task with a 
split-half method, where all trials of the paradigm divided into two 
halves and behavioral and fMRI results between the two halves are 
compared. Good consistency between the two halves would indicate 
that the paradigm itself is reliable. 

In terms of selecting a paradigm targeting neural correlates of 
memory, perhaps the most long-standing and widely used paradigm in 
fMRI studies is the subsequent memory paradigm. In this paradigm, 
participants actively study stimuli while being scanned, and memory- 
related activation and deactivation can be computed based on 
comparing studied stimuli subsequently remembered to those subse
quently forgotten. This paradigm has been used to identify subsequent 
memory effects (SME), that is, differential BOLD signals for items later 
remembered versus later forgotten. Previous research has implicated 
key regions involved in memory encoding, such as the MTL and PFC 
(Paller and Wagner, 2002, for a review, see Kim, 2011). Moreover, this 
paradigm has been applied to participants from wide age ranges, 
including children and older adults (de Chastelaine et al., 2011; Ghetti 
and Bunge, 2012; Ofen, 2012; Shing et al., 2010). The subsequent 
memory paradigm therefore serves as an ideal candidate for reliability 
analyses and is utilized in the current study. While few previous studies 
examined the reliability of memory tasks, they either focused on mem
ory retrieval (Bennett and Miller, 2013) or examined memory encoding 
with a whole encoding block (e.g. Brandt et al., 2013; Clément and 
Belleville, 2009). One previous study (Putcha et al., 2011) implemented 
a subsequent memory paradigm, but did not examine SME (Hit vs. Miss) 
due to design complications (“limited jitter and small number of miss 
trials”), and instead focused on other contrasts not directly related to 

subsequent memory (e.g., High Confidence Hit vs. Repeated Pair). In 
this study, we focus specifically on the reliability of encoding and 
memory effects with a subsequent memory paradigm. 

In addition to the experimental paradigm, the choice of fMRI 
contrast can also drastically influence the estimation of reliability. 
Previous research has shown that contrasts with conditions against an 
implicit baseline (e.g., viewing faces or viewing scenes) generally yield 
more reliable activations compared to contrasts between two indepen
dent conditions (e.g., viewing scenes > viewing faces, see Aron et al., 
2006; Bennett and Miller, 2013; Vetter et al., 2017). In conducting 
reliability experiments, researchers are often at liberty to report specific 
fMRI contrasts. However, due to the apparent differences in reliability 
by fMRI contrasts, the inconsistent choice of contrast makes the com
parisons of reliability measures between different studies difficult. 
Therefore, when examining the reliability of a subsequent memory 
paradigm, we report both the contrast relating to the encoding task 
(against the implicit baseline) and the contrast targeting specifically the 
memory construct that compares two conditions (remembered >
forgotten). 

To establish the reliability of behavioral and fMRI contrasts, one 
approach is to assess the consistency of effects between subsamples 
drawn from the same dataset (Fröhner et al., 2019). Group-level results 
of individual contrasts can be calculated for each subsample, and 
between-subject reliability can be computed by comparing results from 
these subsamples. A strength of this approach is that researchers can 
utilize a cross-sectional sample to assess measurement reliability, with 
larger samples providing greater power to establish an estimate of 
reliability. However, there are clear limitations in drawing inferences 
about reliability solely from group-level analyses, as this approach 
cannot isolate variances due to intra-individual differences from vari
ances due to inter-individual differences. Previous research has shown 
marked differences in task-based fMRI reliability when comparing 
group-level results and individual-level results (Raemaekers et al., 2007; 
Van Den Bulk et al., 2013; Vetter et al., 2017). Further, individual-level 
analyses can shed light on the consistency of measures for the same 
person over time, a prerequisite for the longitudinal design in devel
opmental studies. Consequently, individual-level reliability must also be 
considered, and researchers can collect data from multiple scans of the 
same individual over a relatively short delay to examine test-retest 
reliability. The activation maps generated for each person at multiple 
time-points are then compared to derive reliability measures. 

In this study, we investigated the reliability of fMRI measures based 
on a commonly used subsequent memory paradigm in children and 
young adults. We utilized two developmental samples: (1) a cross- 
sectional sample of 85 participants scanned once and (2) a test-retest 
sample of 24 participants scanned at two time-points, one month 
apart. We measured reliability in several complementary ways. First, we 
determined the internal consistency of the paradigm by comparing 
group-level activation maps computed based on two halves of encoding 
trials. Second, we assessed the group-level reliability by comparing 
group results of two non-overlapping subsamples (40 participants for 
each subsample). Third, we examined both group- and individual-level 
reliability with the longitudinal test-retest sample. Each of the three 
main objectives was assessed for activation maps computed based on 
contrasting (1) encoding trials, regardless of subsequent memory, 
compared to implicit baseline (Encoding All Trials), and (2) encoding of 
stimuli subsequently recognized compared to those subsequently 
forgotten (SME, Subsequent Hit vs. Subsequent Miss trials). We pre
dicted that the reliability of fMRI measures will differ by several key 
factors: assessing on the group- versus individual-level, choice of 
contrast, and regions in the brain. Last, we explored whether reliability 
differs by age, as suggested in prior work (Koolschijn et al., 2011). 
Understanding how these factors influence the degree of measurement 
reliability in task-based fMRI studies and developmental samples is 
critical for designing studies and drawing adequate conclusions on the 
neural correlates of memory development. 
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2. Materials and methods 

2.1. Participants 

Two samples of participants were recruited from the Metro Detroit 
area. All participants were right-handed, had normal or corrected-to- 
normal vision, were not claustrophobic, and had no known history of 
psychiatric or neurological disorders. They provided informed consent 
or assent as per a Wayne State University IRB-approved protocol and 
monetarily compensated for their time in this study. For the cross- 
sectional sample, we included 85 participants (ages 8–25 years, mean 
± SD: 16.51 ± 4.73 years), as part of the ongoing data collection re
ported in previous publications (Tang et al., 2020, 2018). Unrelated to 
the current study, some of the participants in the cross-sectional sample 
has longitudinal (> 2 years) follow-ups, in which case data from only the 
first visit was included for each participant. For the test-retest sample, 
we collected data from 24 new participants (ages 8–20 years, 13.31 ±
3.11 years), who visited the imaging center twice (age in years at Visit 1: 
13.27 ± 3.14; Visit 2: 13.35 ± 3.11), which took place approximately 
one month apart (30.26 ± 3.04 days between visits). Apart from the 85 
participants from the cross-sectional sample and the 24 from the 
test-retest sample, an additional 22 participants (18 participants from 
the cross-sectional sample and 4 participants from the test-retest sam
ple) were excluded from the study due to incomplete data, technical 
difficulties, or excessive motion (mean framewise displacement > 1 
mm). Importantly, to ensure sufficient power for fMRI analysis, we 
included participants with at least 15 Hit or Miss trials for each condi
tion across all samples and visits. There was no overlap in participants 
between the two datasets. 

2.2. Subsequent memory paradigm stimuli and behavioral measures 

The subsequent memory paradigm, described in detail in previous 
publications (Ofen et al., 2007; Tang et al., 2020, 2018) was adminis
tered to all participants. In brief, participants studied 120 pictures of 
indoor and outdoor scenes in the scanner. They were instructed to 
respond with a button press whether each picture depicted an indoor or 
outdoor scene (see Fig. 1A for an illustration of the paradigm). In 
addition to making an indoor/outdoor decision, participants were also 
explicitly instructed to memorize the scenes for a subsequent recogni
tion test. Each scene was presented for 3 s, followed by a 0.5 s fixation 
cross and a variable inter-trial interval ranging from 0 to 12 s (negative 
exponential distribution). Variable inter-trial interval was used to opti
mize fMRI measurement (sequence determined using optseq2, 
http://surfer.nmr.mgh.harvard.edu/optseq/). Scenes were presented in 
3 consecutive runs, each including 40 scenes. Each run lasted for 3 min 
and 54 s. Approximately 15 min after the completion of the MRI session, 
participants completed a self-paced recognition test outside the scanner 
with all 120 studied scenes presented intermixed with 80 foil scenes. 

Scenes were drawn from a stimuli set of 600 images that were 
organized into 15 lists of 40 each. Half of the scenes in a list depicted 
indoor scenes and the other half depicted outdoor scenes. In addition, 
each list was balanced by scene complexity, which was determined by 
the number of unique items in the scene (as described in details in Chai 
et al., 2010), although it is not the focus of the current study. Each 
participant studied a predetermined set of 3 lists of the 15 potential lists 
during encoding. During recognition, participants were tested on the 
120 images from the 3 studied lists intermixed with 80 images from a 
new set of 2 predetermined lists. Pseudorandomized and counter
balanced list assignment was used across participants. Participants in 
the test-retest reliability study received different lists of stimuli for each 
visit. Encoding task response accuracy (indoor/outdoor) and reaction 

Fig. 1. Subsequent memory paradigm and the reliability of behavioral measures. A. Participants encoded a total of 120 indoor and outdoor scenes while being 
scanned and were administered a recognition test with the 120 studied scenes, intermixed with 80 foils, shortly after the scan session. Memory performance was 
calculated as the sensitivity index (d’) considering Hit rate corrected by False Alarm rate. B. Memory performance calculated separately for even and odd trials 
indicated excellent internal reliability of the paradigm, with comparable group-level d’ based on even and odd trials (Even trials: 0.97 ± 0.54, Odd trials: 
0.95 ± 0.56, ICC = .89). C. Memory performance calculated separately for two representative subsamples of the large cross-sectional dataset indicate good between- 
subject reliability evidenced by comparable d’ (Subsample 1: 0.97 ± 0.55, Subsample 2: 0.92 ± 0.54, p = .67). D. Memory performance calculated for each of the 
visits in the test-retest sample evinced good reliability in d’ between visits (Visit 1: 0.84 ± 0.42, Visit 2: 0.88 ± 0.52; ICC = .62). In B and D, greyscale lines denote 
individual participants, and the shades of the lines represent relative participant age within the group (darker lines represent younger participants). 
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times (RTs) for the response were recorded for each encoding trial. 
Based on responses given during the recognition test, encoding trials 
were back labeled as subsequent Hits (subsequently recognized as old) 
or subsequent Misses (subsequently judged as new). Recognition accu
racy was calculated as d’ reflecting Hit rate adjusted by the rate par
ticipants falsely endorsing foils (False Alarms, FA). 

2.3. MRI data acquisition 

MRI data were acquired in a 3T Siemens Verio scanner at the Harper 
University Hospital in Detroit, Michigan. T1-weighted whole-brain 
structural images were acquired using an MPRAGE sequence [192 
sagittal slices, repetition time (TR) = 2200 ms, echo time (TE) =

4.26 ms, flip angle = 9◦, field of view = 256 mm, 192 × 256 voxels, 
and voxel size = 1 mm × 0.5 mm × 1 mm]. After the structural scan, 
functional images were acquired using a T2*-weighted gradient-echo 
sequence. Thirty sagittal slices were collected parallel to the AC-PC 
plane (TR = 2000 ms, TE = 30 ms, flip angle = 90º, effective voxel 
size = 3.125 mm × 3.125 mm × 4.8 mm). At each visit, participants 
were scanned for three consecutive functional runs while engaging in a 
subsequent memory paradigm. Each functional run consisted of 118 
volume acquisitions. All participants included in this study underwent 
one structural scan and three consecutive functional runs for each visit, 
with the same MRI sequences. 

2.4. Reliability quantification of behavioral measures 

To determine the reliability in behavioral measures, the intra-class 
correlation, or ICC was used (Bennett and Miller, 2010; Caceres et al., 
2009; Herting et al., 2018). We quantified the reliability using ICC(2), a 
two-way random model with absolute agreement, which measures the 
ratio of between-subject variance out of total variance, generating a 
value between 0 and 1 (theoretically). The ICC can be used to examine 
the consistency in observed values between samples and visits and al
lows for comparison between different studies. Conventionally, ICC less 
than .40 indicates poor reliability; ICC between .41 to .59 indicates fair 
reliability; ICC between .60 and .74 indicates good reliability; ICC be
tween .75 and 1 indicates excellent reliability (Cicchetti, 2001). ICCs are 
reported for behavioral measures for the three main objectives, namely: 
(1) assessing the consistency in effects based on split half of trials, 
indicating the internal reliability of the study paradigm, (2) assessing 
between-subject group-level reliability in the cross-sectional sample, 
and (3) assessing group- and individual-level reliability in the test-retest 
sample. 

2.5. Reliability analysis of behavioral measures 

Encoding trials were categorized as subsequent Hit or subsequent 
Miss based on recognition memory outcome, whereas foils used during 
recognition were categorized as False Alarm (FA, incorrectly identified 
as old) or Correct Rejection (correctly identified as new). Memory per
formance was measured by the sensitivity index d’ [z(Hit rate) – z(FA 
rate)] and average reaction time (RT) was calculated separately for 
subsequent Hit and Miss trials. Mean and SD statistics were reported for 
behavioral data, including Hit rate, FA rate, d’, and RT. 

Consistency and reliability of the behavioral effects were assessed for 
the three main objectives. First, sets of analyses were conducted where 
encoding trials (Hit and Miss trials) were further binned on the indi
vidual level by their even/odd trial numbers to establish the internal 
consistency of the subsequent memory paradigm. The internal consis
tency was assessed using ICC measures on the group-level for Hit rate, 
FA rate, and d’. RTs for subsequent Hit and subsequent Miss conditions 
were also assessed. Second, sets of analyses on 20 randomly drawn non- 
overlapping subsamples of 40 participants from the cross-sectional 
dataset were used to examine the consistency of Hit rate, FA rate, d’, 
and RT across subsamples (using t-tests and Bayes Factors, https:// 

klabhub.github.io/bayesFactor/). Last, sets of analyses were conducted 
on the test-retest data to assess differences in Hit rate, FA rate, d’ as well 
as RTs between visits by calculating within-subject consistency (using 
ICC), and between-visit averages (using t-tests and Bayes Factors). 

2.6. Reliability analysis of fMRI measures 

2.6.1. Preprocessing and statistical analysis 
Functional imaging data were analyzed with the SPM12 package 

(Wellcome Department of Imaging Neuroscience, London, UK). Images 
were motion-corrected, normalized to the Montreal Neurological Insti
tute (MNI) template, and smoothed with an 8 mm full-width half- 
maximum Gaussian kernel. The same fMRI analysis pipeline was used 
for both the cross-sectional data and test-retest data. 

A general linear model (GLM) was constructed for each participant 
visit. The GLM included regressors of interest based on subsequent 
memory outcomes (Hit or Miss) and scene complexity (high or low, Chai 
et al., 2010) for each of the three encoding runs. Because scene 
complexity was not a focus in this study, in all subsequent contrasts, 
regressors were combined across scene complexity. An additional re
gressor was included in the GLM for scenes with incorrect or no 
encoding responses (indoor/outdoor) to reduce possible confounds due 
to insufficient attention. Each encoding trial was modeled as an impulse 
function, convolved with a canonical model of the hemodynamic 
response function. Temporal derivatives were included for all conditions 
and were treated as regressors of no-interest. We controlled for motion 
in all participant visits in both the cross-sectional and the test-retest 
samples. For each run, 7 motion parameters were included in the 
model, and outlier volumes were controlled, by including covariates 
calculated through the Artifact Detection Tools (ART; http://www.nitrc. 
org/projects/artifact_detect/; an outlier is defined as global mean in
tensity > 3 SD or framewise displacement > 1 mm). To measure neural 
activation while performing the memory task and neural activation 
specifically related to memory formation, we computed 2 contrasts of 
interest for each individual:  

(1) Encoding All Trials [(Subsequent Hit, 0.5 + Subsequent Miss, 0.5) 
vs. implicit baseline]  

(2) Subsequent Memory Effect (Subsequent Hit, 1 vs. Subsequent 
Miss, − 1) 

Group-level analyses were conducted for each participant by 
combining individual-level contrast maps with a one-sample t-test. In 
order to fully appreciate the differences in the patterns between different 
group-level analyses, we visualized the results at a liberal threshold of 
p < .05, 100 contiguous voxels. 

2.6.2. Reliability quantification of fMRI measures 
We quantified the reliability of activations depending on assessing 

group or individual-level effects. For group-level fMRI results, we first 
generated two whole brain maps (e.g., t-maps for all participants in 
Subsample 1 and all participants in Subsample 2). An intra-voxel ICC can 
then be used to quantify the overall consistency by comparing the 
similarity between two maps (ICCv; Caceres et al., 2009; Raemaekers 
et al., 2007; Towgood et al., 2015). Effectively, in the ICCv calculation, 
we string all the voxels of each group-level map into one vector and 
quantify the consistency between the two vectors. 

For individual-level reliability, we calculated one ICC value per each 
voxel. With each voxel, we obtained two values for all participants and 
visits, leading to a 24 (Participants) x 2 (Visits) matrix per voxel. This 
allows one ICC value to be calculated for each voxel. Then, by applying 
this approach to all voxels in the brain, we obtained a map of ICC values 
that visualized the level of reliability across all regions of the brain (as 
implemented in Caceres et al., 2009). 
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2.6.3. Cross-sectional sample internal paradigm consistency: split half by 
trial 

To examine the reliability of the paradigm itself, we conducted a 
split-half trial analysis of the subsequent memory task. In the cross- 
sectional sample, we separated all encoding trials into two halves 
(even and odd) and compared the behavioral measures and fMRI effects 
between the group results of all participants. For behavioral measures, 
we reported the mean and SD statistics of age and memory performance, 
separately for even and odd trials. For fMRI results, in order to cleanly 
separate the neural activations for even and odd trials, we conducted the 
beta-series analysis on each participant (Mumford et al., 2012; Rissman 
et al., 2004). In this analysis, we constructed one GLM for each encoding 
trial, where the trial was modeled separately from all other regressors, 
and a beta value was generated for that trial (the Least Squares – 
Separate (LSS) method, as adapted from https://github. 
com/tsalo/misc-fmri-code/tree/master/lss). This LSS method was then 
repeated for all trials. To reduce the effect of motion in the beta-series 
analysis, we excluded trials that were 2 volumes before or 5 volumes 
after any motion spike as identified by ART (Power et al., 2012). One 
participant was excluded from the beta-series analysis due to insufficient 
number of trials after motion censoring specific to the LSS method. After 
the beta-series analysis, we split all trials into two halves for each 
participant. We combined individual-level results with one-sample 
t-tests separately for even and for odd trials, resulting in Encoding 
Even and Encoding Odd contrasts (compared to implicit baseline). We 
then conducted two-sample t-tests comparing Hit and Miss conditions 
separately for even and odd trials, resulting in SME Even and SME Odd 
contrasts. To generate group-level results, we conducted one-sample 
t-tests to combine two individual-level contrasts for even and odd tri
als separately, resulting in 4 group-level maps (Encoding Even, Encoding 
Odd, SME Even, and SME Odd). We quantified the consistency (ICC) in 
the group-level results between the even/odd splits for both behavioral 
and fMRI results. 

2.6.4. Cross-sectional sample between-subject reliability: group-level 
subsamples 

To examine the reliability in the results of subsequent memory 
paradigm across different participant selections, we conducted 20 
random draws of subsamples, each consisting 2 non-overlapping groups 
of 40 participants. Within each draw, we compared group-level results 
for both behavioral and fMRI measures. For behavioral measures, we 
reported the statistics of age and memory performance for each sub
sample. For fMRI measures, we computed group-level results combining 
individual-level contrasts (Encoding All Trials and SME) for each sub
sample. We quantified the level of consistency in the group-level results 
between the two subsamples for both behavioral and fMRI results. 

2.6.5. Test-retest sample reliability: examined at the group and individual 
level 

Test-retest reliability was assessed by the correspondence in the 
activation maps on the group level and on the individual level. For the 
group-level reliability, we first calculated group effects separately for 
each visit from individual contrasts, both Encoding All Trials and SME. 
Group-level reliability was then computed to compare the group maps 
between two visits using ICCv. On the other hand, individual-level 
reliability was assessed by calculating one ICC value per voxel and 
repeating it across the whole brain. We utilized previously validated 
functions from the ICC toolbox to generate individual-level ICC maps 
(Caceres et al., 2009). To visualize individual-level reliability by brain 
region, we highlighted in the ICC maps regions that demonstrated at 
least fair reliability (ICC > .4). 

2.6.6. Reliability by brain region and fMRI contrast 
To examine potential differences in the consistency and reliability of 

different brain regions, we assessed between-subject and test-retest 
reliability for four regions of interest (ROIs), including inferior frontal 

gyrus (IFG), superior frontal gyrus (SFG), hippocampus, and para
hippocampal gyrus (PHG). We used bilateral structural ROIs generated 
from the SPM Anatomy Toolbox (https://www.fz-juelich.de/inm/inm- 
1/DE/Forschung/_docs/SPMAnatomyToolbox/SPMAnatomy
Toolbox_node.html). Similar to the whole brain analysis, between- 
subject and test-retest reliability (group- and individual-level) were 
calculated for each ROI. 

3. Results 

3.1. Reliability of behavioral measures 

3.1.1. Cross-sectional sample internal paradigm consistency: split-half by 
trial 

Between the two halves of trials, we observed comparable memory 
performance, as measured by d’ of Even and Odd trials (d’ of Even trials: 
0.97 ± 0.54, d’ of Odd trials: 0.95 ± 0.56; RT of even subsequent Hit 
trials: 1.08 ± 0.31, RT of odd subsequent Hit trials: 1.08 ± 0.32,  
Table 1, Fig. 1B). We observed excellent split-half reliability for memory 
performance (ICC for d’ = 0.89) and excellent split-half reliability for 
RTs of subsequent Hit and subsequent Miss trials (ICCs for d’ > .90). 

3.1.2. Cross-sectional sample between-subject reliability: group-level 
subsamples 

There was no significant difference in the behavioral measures be
tween the subsamples, for Hit rate (Subsample 1: .57 ± .15, Subsample 
2: .59 ± .13; p = .68), FA rate (Subsample 1: .25 ± .14, Subsample 2: 
.27 ± .14; p = .55), or d’ (Subsample 1: 0.97 ± 0.55, Subsample 2: 
0.92 ± 0.54; p = .67), suggesting a good between-subject reliability in 
memory performance (see Table 1, Fig. 1C). Correcting for multiple 
comparisons (alpha = .05/5 = .01), there was a trend-level non-sig
nificant difference in RTs of subsequent Hit (Subsample 1: 1.16 s ± 0.33, 
Subsample 2: 1.00 s ± 0.29; p = .03) and subsequent Miss trials (Sub
sample 1: 1.13 s ± 0.30, Subsample 2: 1.00 s ± 0.28; p = .07). Bayes 
Factors did not provide evidence of differences in any of the compari
sons. Overall, we observed high level of consistency in memory per
formance between two randomly selected subsamples. 

3.1.3. Test-retest sample reliability: examined on the group and individual 
level 

Memory performance calculated for each of the visits in the test- 
retest reliability sample was similar (Visit 1: 0.84 ± 0.42, Visit 2: 
0.88 ± 0.52; p = .62; Table 1, Fig. 1D). In examining individual-level 
reliability in behavioral measures between two visits, we observed 
overall good test-retest reliability in memory performance (ICC for 
d’ = .62, Fig. 1D, greyscale lines link individual participant perfor
mance across the two visits). We observed good test-retest reliability in 
RTs of subsequent Hit (ICC for RTs = .66) and subsequent Miss trials 
(ICC for RTs = .62) (Table 1). 

3.1.4. Number of trials for reliability analysis 
Prior to conducting fMRI reliability analyses, we assessed the num

ber of trials per conditions in the data in each sample. We verified 
comparable number of trials for Hit and Miss trials in all analyses. 
Specifically, we obtained data in the cross-sectional sample from 
66.75 ± 16.46 Hit trials (range: 16–104) and 48.16 ± 16.43 Miss trials 
(range: 15–99). Similarly, in the test-retest sample we obtained data 
from 69.06 ± 11.07 Hit trials (range: 45–97), and 47.85 ± 10.80 Miss 
trials (range: 21–74). The number of Hit and Miss trials differed by age 
in the cross-sectional sample (Hit: r(83) = .34, p < .001, Miss: r 
(83) = − .25, p = .02), but not in the test-retest sample (all ps > .05). 
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3.2. Reliability of fMRI measures 

3.2.1. Cross-sectional sample internal paradigm consistency: split-half by 
trial 

We next assessed the reliability of fMRI measures in the subsequent 
memory paradigm. Given the potential influence from the choice of 
fMRI contrast on reliability measures, we examined two contrasts of 
interest: (1) Encoding All Trials (all trials regardless of subsequent 
memory outcome) and (2) Subsequent Memory Effects (SME, subse
quent Hit > subsequent Miss trials). We calculated group-level contrast 
maps separately for the two contrasts of interest and compared the 
group-level results between even and odd trials. For the Encoding All 
Trials contrast, we observed typical patterns of activation and 

deactivation commonly associated with performing a cognitive task. 
Specifically, task-related activation was observed in inferior frontal 
gyrus, superior parietal lobe, and lateral occipital lobe; task-related 
deactivation was observed in regions that are part of the Default Mode 
Network (DMN), including medial PFC (mPFC), precuneus, and lateral 
parietal lobe (Fig. 2A). Comparing group-level fMRI patterns between 
even and odd trials, we found excellent reliability between the maps 
generated with each half of the trials (ICCv = .89). For the SME 
contrast, we observed memory-related activation in inferior frontal 
gyrus, superior parietal lobe, parahippocampal gyrus, and lateral oc
cipital lobe; we observed memory-related deactivation in superior 
frontal gyrus, mPFC, precuneus, and lateral parietal lobe. Comparing 
group-level fMRI patterns between even and odd trials, we found modest 

Table 1 
Reliability of behavioral measures.   

Age Hit rate FA rate d’ Hit RT Miss RT 

Cross-sectional sample 16.51 ± 4.73 .58 ± .14 .25 ± .14 0.96 ± 0.54 1.07 ± 0.31 1.07 ± 0.29 
Even trials  .59 ± .14 .25 ± .14 0.97 ± 0.54 1.08 ± 0.31 1.06 ± 0.29 
Odd trials  .58 ± .15 .26 ± .15 0.95 ± 0.56 1.08 ± 0.32 1.07 ± 0.30 
Paradigm Consistency (ICC) .82 .80 .89 .95 .90 
Subsample 1 16.08 ± 4.44 .57 ± .15 .25 ± .14 0.97 ± 0.55 1.16 ± 0.33 1.13 ± 0.30 
Subsample 2 16.46 ± 4.89 .59 ± .13 .27 ± .14 0.92 ± 0.54 1.00 ± 0.29 1.00 ± 0.28 
Subsample comparison p = .72 p = .68 p = .55 p = .67 p = .03 p = .07 
Bayes factor 0.25 0.25 0.27 0.25 1.79 1.02 

Test-retest sample      
Visit 1 13.27 ± 3.14 .58 ± .09 .27 ± .10 0.84 ± 0.42 1.05 ± 0.19 1.05 ± 0.19 
Visit 2 13.35 ± 3.14 .60 ± .09 .28 ± .13 0.88 ± 0.52 1.14 ± 0.27 1.18 ± 0.29 
Test-retest Reliability (ICC) .26 .59 .62 .66 .62 
Visit comparison  p = .46 p = .78 p = .76 p = .18 p = .06 
Bayes factor  0.36 0.30 0.30 0.61 1.29 

FA: false alarm. d’ = Z(Hit rate) – Z(Miss rate). RT: reaction time. Bayes Factors defined as BF10. 

Fig. 2. Reliability of the experimental paradigm. Reli
ability was assessed by comparing splits based on the even 
(left) or odd (right) numbered trials during encoding. A. 
Excellent reliability was observed in the group-level fMRI 
activation maps for even (A, left) and odd (A, right) trials 
(ICCv = .89), without accounting for the subsequent 
memory outcome of each trial (Encoding All Trials). B. 
Modest reliability was observed in the group-level fMRI 
results when assessing the subsequent memory effects 
(SME; Hit > Miss) comparing split-halves based on the 
even (B, left) or odd (B, right) numbered trials during 
encoding (ICCv = .37). We observed positive SME in 
frontal, temporal, and occipital cortex, and negative SME 
in parietal and medial prefrontal cortex. Activations maps 
were overlaid on a surface mesh.   
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split-half reliability (ICCv = .37) (Fig. 2B). 

3.2.2. Cross-sectional sample between-subject reliability: group-level 
subsamples 

Next, to understand the consistency of fMRI results across different 
subsamples of participants, we examined the between-subject group- 
level reliability of the activation maps generated based on the two 
contrasts of interest. From the cross-sectional sample, between-subject 
reliability measures were assessed with a total of 20 random draws of 
subsamples, where we selected 2 non-overlapping groups of 40 partic
ipants. While we did not intentionally match subsamples for age to 
reduce potential bias, across all 20 draws, subsamples did not differ by 
age (all ps > .17). We calculated the ICCv for all 20 draws and for both 
contrasts of interest. Overall, the reliability measurement was unaf
fected by specific subsample selections (ICCv for Encoding All Trials 
contrast: .95 ± .01; ICCv for SME contrast: .75 ± .08, See Supplemen
tary Fig. 3 for the distribution of ICC values for each ROI across the 20 
draws). Therefore, we present one of the random draws comparing non- 
overlapping subsamples below for ease of interpretation (Fig. 3; p < .05, 
100 contiguous voxels for visualization purposes). 

For the Encoding All Trials contrast, we observed task-related acti
vation in inferior frontal gyrus, superior parietal lobe, hippocampus, 
parahippocampal gyrus, and lateral occipital lobe. We observed task- 
related deactivation in the DMN, including mPFC, precuneus, and 
lateral parietal lobe (Fig. 3A). Comparing group-level fMRI patterns 
between two subsamples, we found excellent between-subject reliability 
(ICCv = .94) for activations encoding indoor and outdoor scenes. 

For the SME contrast, we observed positive SME in inferior frontal 
gyrus, superior parietal lobe, hippocampus, parahippocampal gyrus, 
and lateral occipital lobe. We observed negative SME in superior frontal 
gyrus, mPFC, precuneus, and lateral parietal lobe (Fig. 3B). Comparing 

group-level contrasts between two subsamples, we found good between- 
subject consistency (ICCv = .73) for subsequent memory effects. 

3.2.3. Test-retest sample reliability 

3.2.3.1. Test-retest sample reliability examined on the group level. We 
further determined the reliability of fMRI activation maps in the test- 
retest sample (participants scanned twice with the two visits spaced 
one month apart). We first examined group-level data by contrasting 
activation maps generated based on data from Visit 1 to those generated 
from Visit 2. Overall, we observed very similar group-level activation 
maps across the two visits, indicating high group-level consistency 
(Fig. 4; p < .05, 100 contiguous voxels for visualization purposes). 

For the Encoding All Trials contrast, we observed task-related acti
vation in inferior frontal gyrus, superior parietal lobe, hippocampus, 
parahippocampal gyrus, and lateral occipital lobe. We observed task- 
related deactivation in several regions of the DMN, including mPFC, 
inferior parietal lobe, and superior frontal gyrus (Fig. 4A). Comparing 
group-level fMRI patterns between two visits, we found excellent test- 
retest reliability (ICCv = .91) for activations encoding indoor and 
outdoor scenes. 

For the SME contrast, we observed positive SMEs in inferior frontal 
gyrus, hippocampus, parahippocampal gyrus, and lateral occipital lobe. 
We observed negative SMEs in superior frontal gyrus, mPFC, precuneus, 
and lateral parietal lobe (Fig. 4B). Comparing group-level contrasts 
between two visits, we found good between-subject consistency (ICCv =
.70) for subsequent memory effects. 

To examine potential age effects on the group-level reliability across 
the two visits, we separated the dataset by the median age of the current 
sample (13 years) and calculated the ICC maps of both contrasts 

Fig. 3. Reliability between different sampling of partici
pants. Between-subject reliability was assessed by 
comparing the fMRI results from two non-overlapping 
subsamples (40 participants each) from the cross- 
sectional dataset. A. For the Encoding All Trials contrast 
(all trials vs. implicit baseline), excellent reliability was 
observed for group-level fMRI results (ICCv = .94). B. For 
the Subsequent Memory contrast (SME; Hit > Miss), good 
group-level reliability was observed (ICCv = .73).   
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Fig. 4. Group-level test-retest reliability by contrast. A. For the Encoding All Trials contrast (all trials vs. implicit baseline), excellent reliability was observed for 
group-level fMRI results between two visits (ICCv = .91). B. For the Subsequent Memory contrast (SME; Hit > Miss), good group-level reliability was 
observed (ICCv = .70). 

Fig. 5. Test-retest reliability as measured by ICC across the brain for the Encoding All Trials (A) and SME contrast (B). For both contrasts, good test-retest reliability 
was observed in bilateral inferior frontal gyrus, right parahippocampal gyrus, and bilateral lateral occipital lobe (ICC > .6). Hippocampus showed poor reliability in 
the SME contrast (ICC < .4). Individual intravoxel reliability (ICCv) did not correlate with age for the Encoding All Trials contrast (r(22) = .02, p = .93, top middle) 
or the SME contrast (r(22) = .35, p = .09, bottom middle). 
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separately for younger (age: 10.71 ± 1.46, [8.12, 12.71], 6 M:6 F, 
Supplementary Fig. 1) and older (age: 15.83 ± 2.05, [13.02, 20.18], 
6 M:6 F, Supplementary Fig. 2) participants. For both younger and older 
participants, we found good reliability in IFG, PHG, and middle occipital 
lobe for Encoding All Trials and SME contrasts, similar to the findings 
based on the full sample. These findings suggest minimal age differences 
when assessing test-retest reliability at the group level. 

3.2.3.2. Test-retest sample reliability examined on the individual level. 
Next, we investigated test-retest reliability on the individual level, first 
of the Encoding All Trials and then of the SME contrast. We first 
generated whole-brain reliability maps by calculating per-voxel ICC 
values between two visits and then thresholded reliability maps by ICC 
> .4 (Fig. 5). For the Encoding All Trials contrast, good reliability was 
found in several cortical regions, including bilateral IFG, PHG, lateral 
occipital lobe, cuneus, and posterior regions of the hippocampus (ICC >
.6). In contrast, poor test-retest reliability was found in subcortical re
gions (ICC < .4; Fig. 5A). For the SME contrast, good reliability was 
observed in bilateral IFG, right PHG, and bilateral lateral occipital lobe 
(ICC > .6), whereas poor reliability was observed in the hippocampus 
(ICC < .4; Fig. 5B). 

As we were interested in age effects of reliability in the fMRI acti
vations, for both Encoding All Trials and SME contrasts, we computed an 
ICCv per individual and correlated the ICCv values with age. We found 
no age effects in the individual-level reliability for the Encoding All 
Trials contrast (r(22) = .02, p = .93) and a non-significant trending age 
effect for the SME contrast (r(22) = .35, p = .09; Fig. 5). 

3.3. Reliability by brain region and fMRI contrast 

In order to examine the potential differences in the reliability of fMRI 
activations in different brain regions and for different contrasts, we 
selected four bilateral ROIs that are commonly known to elicit SME: IFG, 
SFG, hippocampus, and PHG, as defined in the Anatomy toolbox (for 
details, see Methods). We quantified the level of between-subject reli
ability and test-retest reliability for each ROI. 

Consistent with the whole-brain analyses, we found good to excellent 
reliability in group-level ROI effects for both cross-sectional and test- 
retest samples (Table 2). Reliability was higher for Encoding All Trials 
contrast than SME contrast. Notably, the test-retest reliability for SME 
was poor to fair across multiple ROIs on the individual level, with the 
hippocampus showing comparatively lower reliability. Overall, while 
group-level fMRI results based on the subsequent memory paradigm are 
highly consistent across different sample selections and across time, 
individual-level results were less reliable. Reliability was higher for the 
Encoding All Trials contrast than the SME contrast. To help appreciate 
the range and variance of fMRI activations in these ROIs between the 
contrasts, we included the histograms in the Supplementary Material 
(Supplementary Fig. 4). 

4. Discussion 

In this study, we investigated the reliability of behavioral and fMRI 
measures in children and young adults while they performed a 
commonly used subsequent memory task. In both a cross-sectional and a 
test-retest sample, we found excellent group-level reliability for partic
ipants undertaking the subsequent memory paradigm, for both the 
encoding task and subsequent memory effects. However, the consistency 
of activation patterns within individuals was modest, especially for the 
subsequent memory contrast. Of particular importance to memory 
development, we observed consistent activation patterns in frontal, 
parietal, and occipital cortices, but comparatively lower test-retest 
reliability in subcortical regions and the hippocampus. 

Several important aspects of consistency and reliability were 
assessed in this study. First, we set to establish the internal consistency 
of the task, the subsequent memory paradigm, in generating reliable 
behavioral measures of memory in a developmental sample. By 
repeating the analyses after binning trials based on their numbers, we 
observed excellent consistency in the effects comparing even to odd 
trials in the behavior performance. These results provide initial evidence 
for the internal consistency of the task. Second, by splitting the dataset 
into two subsamples, we observed a comparable level of memory per
formance between subsamples. Moreover, comparing memory perfor
mance within the same participants who completed the task twice as 
part of the test-retest study, we observed good within-subject consis
tency in memory performance and reaction time. The high degree of 
reliability in the behavioral data of our developmental samples is in line 
with other studies on young adults and adolescence investigating the 
reliability for behavior measures in and out of the scanner (Hedge et al., 
2018; Van Den Bulk et al., 2013), and provides the foundation to assess 
the reliability of fMRI measures. 

Next, we found overall good to excellent group-level reliability in 
both contrasts of interest, Encoding All Trials and SME. These findings 
are consistent with previous studies showing high reliability in group- 
level activation across different experimental paradigms with fMRI 
(Aron et al., 2006; Plichta et al., 2012; Raemaekers et al., 2007). We can 
therefore infer that, when we average the functional activation for an 
fMRI paradigm with a group of participants, we can reliably establish 
the activation pattern for this paradigm. Combining results from a 
reasonably large sample, fMRI has been shown to reliably identify 
memory-related regions, where consistent activations across the PFC 
and MTL regions have been observed (Kim, 2011; Spaniol et al., 2009). 
Our findings confirmed high reliability in group-level results that is 
unaffected by different sampling and extended these findings to devel
opmental samples. 

When we investigated reliability in the test-retest dataset, we 
observed higher group-level reliability compared to individual-level 
reliability. Specifically, while group-level averaging of more than 20 
participants produced highly consistent results, individual results of the 
same participant tested twice were much less consistent. We speculate 
that the fMRI scans, due to multiple sources of noise (e.g., susceptibility 
and motion), show large differences on the individual-level, resulting in 
low reliability between visits. However, by conducting the group-level 
analysis, the random noise in individuals is canceled out, leading to 
more reliable group-level effects. Overall, we show that in a develop
mental sample, the subsequent memory paradigm can produce reliable 
group-level results, but less reliable individual-level results. 

In addition, the level of reliability differs by the choice of contrast 
and region of interest. The choice of contrast had a large effect on the 
estimation of reliability. Curiously, fMRI contrasts that are less specific 
(e.g., Encoding All Trials vs. implicit baseline) showed higher reliability 
than contrasts that are more specific (e.g., SME). We reason that the 
subtraction process in generating an effective contrast removed indi
vidual idiosyncrasies that contribute to high reliability (See also Infan
tolino et al., 2018). Our results thus highlight the paradox between 
reliability and specificity: when targeting a very specific cognitive 

Table 2 
Reliability by region and contrast.   

IFG SFG Hippocampus PHG 

Between-Subject Reliability (Cross- 
sectional)         
Encoding All Trials  .67  .80  .94  .95 
Subsequent Memory  .74  .61  .47  .79 

Test-retest Reliability (Group-level)         
Encoding All Trials  .74  .73  .87  .90 
Subsequent Memory  .51  .72  .45  .46 

Test-retest Reliability (Individual-level)         
Encoding All Trials  .53  .46  .49  .72 
Subsequent Memory  .23  .19  .10  .16 

Between-subject and test-retest reliability as measured by ICC (or ICCv) values. 
IFG: inferior frontal gyrus; SFG: superior frontal gyrus; PHG: parahippocampal 
gyrus. 
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construct, reliability suffers. Our findings also demonstrated regional 
differences in the level of reliability. While good reliability was observed 
across most regions for the Encoding All Trials contrast, poor reliability 
was observed for the SME contrast, especially in the hippocampus, 
suggesting that memory-related activation in the hippocampus may be 
unreliable on an individual level. Previous studies investigating the 
reliability of memory-related fMRI activation generally found low reli
ability in the hippocampus (Brandt et al., 2013; Clément and Belleville, 
2009, but see Putcha et al., 2011). Our findings contribute to the 
accumulating evidence showing modest test-retest reliability in widely 
validated tasks (Bennett and Miller, 2013, 2010; Caceres et al., 2009; 
Elliott et al., 2020). The low within-individual reliability of memory 
effects observed in this study suggests that assessment of reliability 
should be incorporated for adequate interpretation of memory-related 
effects. 

Although we hypothesized age differences in test-retest reliability 
with fMRI based on one a previous study that reported higher reliability 
in adults compared to children (Koolschijn et al., 2011), we observed no 
such effect in this sample. Several possible explanations may account for 
the differences between studies. First, different paradigms were used in 
the two studies – in this study, a subsequent memory paradigm was used, 
and in the other, a performance monitoring task with significant motor 
components. It is therefore possible that age effects are limited when 
assessing the reliability of SME. Second, in this study, we carefully 
controlled for factors like motion, which is known to generate spurious 
effects in developmental studies. Controlling for motion may have 
removed possible spurious age effects in reliability estimates. Third, we 
kept a relatively short time gap between two visits and assessed reli
ability that is not compounded by possible developmental changes. This 
contrasts with the prior report that included a 3.5-year gap between 
visits (Koolschijn et al., 2011). Together, our findings suggest it is 
possible that there are no systematic age differences in reliability when 
identifying memory-related activation with fMRI. However, low level of 
reliability, regardless of whether it differs by age or not, limits our 
ability to investigate individual differences above and beyond mea
surement error. 

As expected with developmental samples, we do find age-related 
differences in memory performance and number of Hit trials, with 
high performance and greater number of Hit trials in older participants. 
A potential limitation of this study is the influence of age differences in 
memory performance and number of trials on the reliability. We argue 
that, while these performance related behavioral factors may affect 
SME, these effects are minimized by the fact that we included more than 
15 trials for each condition to allow for sufficient power when con
ducting the fMRI analysis. Furthermore, despite the possible difference 
in age-related SME effects, we did not find a significant age effect in the 
reliability of the fMRI response, suggesting that the memory perfor
mance and different number of trials may not be a prominent factor that 
influences reliability. 

5. Future directions 

In this study, we found excellent group-level reliability with the 
subsequent memory paradigm, but reduced individual-level reliability 
for the specific contrast targeting the memory construct (subsequently 
remembered vs. forgotten). Relatively low reliability was found in the 
hippocampus. Based on our findings in the current study and the other 
reliability studies reviewed above, we make several recommendations 
for future developmental research: 

First, given the importance of reliability in grounding the findings in 
developmental studies, it is ideal to incorporate a reliability assessment 
of selected research paradigm. If resources are available, a test and retest 
approach can be embedded in the study design to examine both group- 
and individual-level reliability. On the other hand, if only a cross- 
sectional design is possible, split-half reliability or reliability between 
subsamples can be examined. 

Second, increase the scan length whenever possible. Our current 
analysis utilized a common memory encoding task with 120 trials. We 
had 3 functional runs totaling 12 min, a typical task length for fMRI. 
While reliability has shown to be adequate to address questions on a 
group-level results, e.g., to identify shared brain regions related to 
memory formation, the task length may be inadequate to examine 
individual-level differences or developmental trajectory longitudinally. 
While it is widely known that fMRI signal is intrinsically noisy, re
searchers have historically preferred short fMRI task that are shown to 
activate target brain regions across all participants so that more tasks 
can be packed into one scan session. This practice may have placed a 
limit on the reliability these fMRI tasks can achieve. Based on recent 
studies showing that increasing scan time to 27 min can improve test- 
retest reliability of resting-state functional connectivity to r > .8 (Gor
don et al., 2017), the “cure” for low task-based fMRI reliability might be 
an obvious one: scan more. 

Consistent with the idea of obtaining richer data, researchers in 
recent years have considered two approaches: increasing either the 
breadth or the depth of the data. On one hand, researchers can increase 
the number of participants in the study (the big data approach); on the 
other, researchers can collect large amount of data from each participant 
(the high precision approach). Consistent with the big data approach, it 
has been shown that increasing sample size beyond 100 will continue to 
increase reliability, although the degree of reliability is heavily influ
enced by the specific task and contrast selected, as we and others have 
also shown (Bossier et al., 2020; Turner et al., 2018). Public data sharing 
initiatives such as Human Connectome Project (HCP) and the Adolescent 
Brain Cognitive Development (ABCD) Study are instrumental in 
improving the reproducibility of fMRI data. Regarding the high preci
sion approach, recent studies using Midnight Scan Club data (Gordon 
et al., 2017) have shown that cortical functional connectivity was highly 
reliable within an individual, given ample amount of data per individ
ual. Combining the big data and high precision approaches, leading 
studies in developmental science have been able to detect subtle dif
ferences in individual functional topography that evolves with youth in 
a data of 693 participants (Cui et al., 2020). With the combined 
approach, researchers may be able to unblur the developmental picture 
by minimizing the noise in fMRI data. 

6. Conclusions 

In sum, we investigated the reliability of fMRI activations in a sub
sequent memory paradigm using a cross-sectional and a test-retest 
sample. We found excellent reliability with the subsequent memory 
paradigm for group-level contrasts related to general memory encoding 
(all encoding trials vs. implicit baseline), but reduced reliability for 
individual-level results, especially for the contrast targeting the memory 
construct (remembered vs. forgotten). In addition, we identified 
regional specificity in the degree of reliability. Reliability was good to 
excellent in frontal, parietal, and occipital cortices, but poor in subcor
tical regions and the hippocampus. These findings highlight potential 
limitations using task-based fMRI to understand development. In the 
future, by leveraging bigger and denser data and incorporating reli
ability analyses routinely in developmental studies, we may better 
ensure the reproducibility of our findings and safeguard the accumula
tion of knowledge in developmental sciences. 
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