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ABSTRACT
BACKGROUND: Population neuroscience datasets provide an opportunity for researchers to estimate reproducible
effect sizes for brain-behavior associations because of their large sample sizes. However, these datasets undergo
strict quality control to mitigate sources of noise, such as head motion. This practice often excludes a
disproportionate number of minoritized individuals.
METHODS: We used motion-ordering and motion-ordering1resampling (bagging) to test whether these methods
preserve functional magnetic resonance imaging (fMRI) data in the Adolescent Brain Cognitive Development (ABCD)
Study (N = 5733). For the 2 methods, brain-behavior associations were computed as the partial Spearman’s rank
correlations (Rs) between functional connectivity and cognitive performance (NIH Cognition Toolbox) as well as
externalizing and internalizing psychopathology (Child Behavior Checklist) while adjusting for participant sex
assigned at birth and head motion.
RESULTS: Black and Hispanic youth exhibited excess head motion relative to data collected from White youth and
were discarded disproportionately when conventional approaches were used. Motion-ordering and bagging methods
retained more than 99% of Black and Hispanic youth. Both methods produced reproducible brain-behavior
associations across low-/high-motion racial/ethnic groups based on motion-limited fMRI data.
CONCLUSIONS: The motion-ordering and bagging methods are 2 feasible approaches that can enhance sample
representation for testing brain-behavior associations and that result in reproducible effect sizes in diverse
populations.

https://doi.org/10.1016/j.bpsc.2025.01.014
Population neuroscience datasets made available through
consortia efforts provide unprecedented opportunities for re-
searchers to relate individual differences in brain functions
(e.g., functional connectivity) to individual differences in
behavior (e.g., general psychopathology, cognitive ability) with
sufficient statistical power (1–3). These datasets have accel-
erated scientific discovery, improved reproducible research
practices, and democratized the field by reducing the re-
sources required to do research (4–7). However, despite the
power that comes with the overall sample sizes available in
consortia datasets, minoritized individuals tend to be dis-
proportionally discarded through the standard preprocessing
protocols typically used for magnetic resonance imaging (MRI)
data analysis. As a result, studies on brain-behavior relation-
ships have made relatively limited progress in identifying
reproducible effects across samples with diverse sociodemo-
graphic characteristics (8–10).

To minimize variations in MRI data acquisition across con-
sortia sites, researchers have applied strict quality control (QC)
strategies to mitigate potential biases. One QC strategy is to
address the potential impact of participant head motion (1).
Head motion can significantly inflate functional connectivity
estimates across a diverse range of populations (11–17). This
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issue is exacerbated in studies of youth due to heightened in-
scanner motion relative to adult populations and a robust
negative correlation between head motion and age (11,18–21).
Researchers exclude high-motion participants irrespective of
their racial or ethnic backgrounds by using a head motion
threshold. However, these practices inadvertently tend to
exclude minoritized youth disproportionately, due to their lower
adherence to mainstream protocols and a lack of culturally
informed strategies to engage and retain racial/ethnic minor-
ities in neuroimaging research, particularly individuals from
underprivileged backgrounds (8,22,23).

The goals of the current study were to test 1) the utility of
2 head motion mitigation methods (24) that attempt to retain
high-motion minoritized youth using their motion-limited
functional MRI (fMRI) data and 2) the possibility to obtain
reproducible brain-behavior associations using the motion-
limited fMRI data from high-motion youth. We sought to
extend previous work on head motion mitigation methods
(13,14,24–27) by using a sample that was larger and that had
greater variability in participant racial representation than
previous studies, with head motion estimates across multiple
fMRI scans and well-studied behaviors (previous work
focused on age).
gical Psychiatry. Published by Elsevier Inc. All rights are reserved,
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Table 1. Demographic, Behavioral, and fMRI Characteristics
Derived From the ABCD Study NIMH Data Archive
Release 4.0

Racial/Ethnic Groups

Black Hispanic White

Scans Baseline Baseline Baseline

Sample Size 810 1247 3676

Age, Years 9–10 9–10 9–10

ADI 1.1–124.5 1.1–124.6 1.1–125.7

Sex, Female/Male 53%/47% 50%/50% 48%/52%

NIH Cognition Toolbox 46–108 51–109 54–117

CBCL-Externalizing 33–84 33–79 33–83

CBCL-Internalizing 33–80 33–88 33–93

Sites 21 21 21

Frames 196–1560 542–1560 380–1570

tSNR 11.7–49.8 11.2–53.0 10.8–55.6

Mean FD, mm 0.04–2.1 0.04–2.2 0.03–2.4

Values are presented as n, range, or %. Participant sex denotes youth’s sex
assigned at birth. NIH Cognition Toolbox indexed cognitive performance. CBCL
indexed externalizing and internalizing behaviors. Frames indicate the number of
volumes acquired across 4 resting-state scans. Note that the CBCL
externalizing and internalizing and NIH Cognition Toolbox scores were
T-standardized.

ABCD, Adolescent Brain Cognitive Development; ADI, Area Deprivation Index;
CBCL, Child Behavior Checklist; FD, framewise displacement; fMRI, functional
magnetic resonance imaging; NIMH, National Institute of Mental Health; tSNR,
temporal signal-to-noise ratio.
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We used data from the Adolescent Brain Cognitive Devel-
opment (ABCD) Study given its adequate sample size and
distribution of race/ethnicity (Black [14%], Hispanic [22%], and
White [64%]) (28). We utilized motion-ordering and motion-
ordering1resampling (bagging) to estimate functional con-
nectivity to maximize the inclusion of high-motion minoritized
youth. Motion-ordering is ranking time points from least motion
to most motion in motion-limited timeseries data. For motion-
ordering, we computed the functional connectivity matrix of
each participant using the top time points from (ordered)
motion-limited timeseries data. Bagging is randomly resam-
pling the motion-ordered time points several times. For
bagging, we generated 500 bootstrapped samples with
replacement for each participant using the top time points from
(ordered) motion-limited timeseries data. Then, we computed
the bagged functional connectivity matrix of each participant
iteratively. To test whether these head motion mitigation
methods retained high-motion youth, we looked at the pro-
portion of participants included by race. Based on previous
research (24), it was expected that the 2 proposed methods
would retain a maximum number of high-motion participants
across the 3 racial/ethnic groups as well as generate repro-
ducible brain-behavior associations when the high-motion
youth were included.

To assess the validity of the 2 head motion mitigation
methods, we examined the reproducibility of the brain-
behavior associations as a function of n across the 3 racial/
ethnic groups (1,24). We focused on brain-behavior relation-
ships, specifically relationships between whole-brain func-
tional connectivity and cognitive performance and
psychopathology, because these have been extensively
studied using consortia datasets and present important op-
portunities to advance biological psychiatry (1,2,29–32). We
used the edge level because methods such as connectome-
based predictive modeling, network-based statistics, and ca-
nonical correlation analysis prioritize the most relevant edges
in the functional connectome for computing brain-behavior
relationships (33–36). To test whether these head motion
mitigation methods supported reproducible brain-behavior
relationships, we examined 2 metrics. First, we examined
confidence intervals as a metric of sampling variability within
participants from each racial/ethnic group. As sample sizes
increase, variability tends to decrease and stabilize (1), which is
then reflected in tighter confidence intervals. Second, we
computed area under the curve (AUC) (24) as a metric of brain-
behavior effect size. If the standard, motion-ordered, and
bagged brain-behavior relationships are identical, then the
confidence intervals will be identical, leading to a rate of
change in AUC = 0%. In practice, it is unlikely to achieve an
AUC = 0% due to individual variations that are present in
standard, motion-ordered, and bagged functional connectivity
estimates. Instead, we focused on obtaining comparable
brain-behavior relationships using the standard, motion-
ordered, and bagging methods, where the rates of change in
AUC are within a statistically acceptable range.

We cannot hope to fully understand the biological bases of
clinical conditions if we systematically exclude minoritized in-
dividuals due to biased preprocessing methods. Therefore, it is
crucial to identify methods that retain as many high-motion
minoritized youth as possible to develop a more inclusive
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understanding of the brains and behaviors of the populations
represented in our data (37–40).

METHODS AND MATERIALS

Participants

Complete demographic, behavioral, and imaging data from
5733 youth were obtained from the ABCD Study Baseline
Release (age 9–10 years) (28). Youth who belonged to one of
the 3 racial/ethnic groups (Black, Hispanic, and White) were
included (Table 1); approximately 13% of the ABCD sample
participants who belonged to other racial/ethnic categories
were not included due to their limited sample sizes
(Supplemental Methods 1). The current sample reflects par-
ticipants who passed the MRI QC criteria described by the
ABCD Data Analysis and Informatics Center (DAIC) (https://
wiki.abcdstudy.org/release-notes/imaging/quality-control.html;
imgincl_t1w_include=1; imgincl_rsfmri_include = 1) (41). The
DAIC recommendations minimize data QC failure from biasing
brain-behavior associations estimated from low-/high-motion
participants. A total of 1881 participants were not included
based on the DAIC QC protocols, which represents w16% of
the ABCD sample. We further cross-checked the DAIC rec-
ommendations with the ABCD-BIDS (Brain Imaging Data
Structure) Community Collection (ABCC) (42) to ensure that the
participants had existing preprocessed resting-state fMRI
data. There were no statistical differences in race/ethnicity or
sex assigned at birth when we compared participants in our
final sample with the participants who were not included in the
analysis (Supplemental Methods 1).
025; -:-–- www.sobp.org/BPCNNI
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Behavioral Data

We focused on cognitive performance, externalizing psycho-
pathology, and internalizing psychopathology (Supplemental
Methods 2). The NIH Cognition Toolbox (http://nihtoolbox.
org/) was used to measure general cognitive performance
based on the fluid and crystallized cognition composite scores
of the youth (43–45). For each youth, the total composite score
on the NIH Cognition Toolbox was obtained, which was
T-standardized. The Child Behavior Checklist (CBCL) is a
parent-report assessment that was used to measure exter-
nalizing and internalizing behaviors (46). The CBCL external-
izing and internalizing scores of the youth were obtained from
their respective syndrome scales, which were subsequently
T-standardized. There were significant differences in the dis-
tributions of the NIH Toolbox and CBCL externalizing scores
between the low-motion and high-motion youth (Figure S1).

MRI Preprocessing

All ABCD MRI data were processed with the ABCC (42)
(https://github.com/DCAN-Labs/abcd-hcp-pipeline) (Supplemental
Methods 4 and 5). Standard fMRI blood oxygen level–
dependent preprocessing was further carried out using the
ABCD-BIDS Pipeline (41,47) (Supplemental Methods 6). To
identify low-motion youth in the ABCD Study, we applied a
head motion threshold of mean framewise displacement (FD)
,0.20 mm to the participants’ resting-state fMRI data across a
maximum of 4 runs (14,18) (Supplemental Methods 7).
Applying a head motion threshold of mean FD ,0.20 mm
retained 3342 participants, corresponding to w58% of the
total sample as follows: Black n = 410, Hispanic n = 666, and
White n = 2266. This threshold provided a reasonable balance
between the sample size requirement necessary to achieve
adequate statistical power for brain-behavior associations and
good data quality standards to mitigate motion artifacts in
such studies (13,14,41). Traditionally, a threshold ,0.10 mm is
regarded as strict, whereas a threshold .0.50 mm is consid-
ered liberal (1,13,18,48). There is no one-threshold-fits-all
populations because head motion varies by several factors
including age (e.g., infants, adolescents, adults) and mental
health diagnosis (11,13,21,49,50).

Functional Connectivity With Standard Method

For each youth, a whole-brain parcellation scheme was
applied to extract their resting-state fMRI timeseries concate-
nated across a maximum of 4 runs. Functional connectivity
was derived from the fMRI timeseries by computing and Fisher
z-transforming the Pearson correlation coefficient (r) between
all possible pairs of regions of interest using an extended
Gordon parcellation scheme (41,47,51) to construct their
352 3 352 functional connectivity matrices. This pipeline is
referred to as the standard method (Supplemental Methods 8
and 9).

Functional Connectivity With Motion-Ordered and
Bagging Methods

The motion-ordered and bagging methods were performed by
applying a frame-censoring procedure known as scrubbing
(14,16,52,53) to identify and remove motion-corrupted time
points (T ) in the fMRI timeseries (Figures 1 and 2)
Biological Psychiatry: Cognitive Neuroscien
(Supplemental Methods 10 and 11). Each T was identified with
a head motion threshold of FD .0.20 mm (18). For each T, 1
preceding (T 2 1) and 2 succeeding (T 1 1, T 1 2) time points
were censored in the fMRI timeseries to minimize the presence
of residual motion and micro head movements. For each
participant, we created subsets of the scrubbed time points
that matched a threshold referred to as minimum time point
(minTP) to prevent participants from having a varying number
of motion-limited time points in their timeseries. The scrubbed
timeseries were ranked by their lowest FD values, and the top
minTP-matched time points were selected. For the motion-
ordered method, the functional connectivity matrix of each
participant was computed using the minTP-matched time
points (24). For bagging, 500 bootstrapped samples of size TP
were generated with replacement for each participant using
the minTP-matched time points (24). Iteratively, the bagged
functional connectivity matrix of each participant was recom-
puted. A mean bagged functional connectivity matrix was also
generated for each participant by averaging the 500 connec-
tivity matrices. Both minTP and TP had identical sizes to pre-
vent either parameter from influencing the brain-behavior
associations.
Brain-Behavior Associations With Standard,
Motion-Ordered, and Bagging Methods

The standard, motion-ordered, and bagged functional con-
nectivity matrices for each participant were used to compute
partial Spearman’s rank correlations (Rs) between connectivity
patterns and behavior for cognitive performance (NIH Cogni-
tion Toolbox) and externalizing and internalizing psychopa-
thology (CBCL) at the edge level (Supplemental Methods 3 and
12). Participant sex assigned at birth and mean FD were
treated as covariates when the brain-behavior correlations
were computed.

The brain-behavior relationships were obtained from the
strongest edge (Rs) in the functional connectome after false
discovery rate (FDR) correction (q = .05) (54) across 61,776
edges (Figure S2). There was no edge that produced a sig-
nificant association with CBCL internalizing scores after FDR
correction. Therefore, the brain-behavior analyses focused
only on the NIH Cognition Toolbox and CBCL externalizing
scores. We established the reproducibility of standard brain-
behavior associations for the 3 racial/ethnic groups across
different sample sizes (1,24). Each sample size was boot-
strapped without replacement over 500 iterations, where we
randomly selected samples of low-motion youth at 11 loga-
rithmically spaced intervals. For each sample size, the mean
brain-behavior Rs and 95% CIs were plotted as a function of n.

Then, we performed the motion-ordered and bagged brain-
behavior associations by computing Rs between connectivity
patterns and NIH Toolbox and CBCL externalizing scores us-
ing the scrubbed timeseries of the low-motion racial/ethnic
groups. We used the same edge that shared the highest
correlation strength with the standard method for the motion-
ordered and bagging procedures. We used sampling vari-
ability to assess the reproducibility of the brain-behavior Rs

using motion-ordered and bagged functional connectivity
matrices. For both methods, subsamples of participants
were selected randomly for each low-motion racial/ethnic
ce and Neuroimaging - 2025; -:-–- www.sobp.org/BPCNNI 3
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Figure 1. Motion-ordered and bagging methods. 1) The participants in the ABCD (Adolescent Brain Cognitive Development) Study were categorized into 3
racial/ethnic groups: Black, Hispanic, and White. 2) A whole-brain parcellation was applied to extract the resting-state functional magnetic resonance imaging
(fMRI) timeseries of the youth concatenated across a maximum of 4 runs. 3) The framewise displacement (FD) was computed for every time point in the fMRI
timeseries to quantify the amount of in-scanner motion for one volume relative to its preceding one. 4) Scrubbing was applied to identify and remove motion-
corrupted time points (T) if their FD was .0.20 mm. For each T, 1 preceding (T 2 1) and 2 succeeding (T 1 1, T 1 2) time points were further censored. 5) For
each youth, their scrubbed timeseries were ranked by their lowest FD values (0/0.20 mm). 6) A minimum time point (minTP) threshold was imposed to prevent
youth from having different number of time points in their timeseries. 7) For the motion-ordered method, the functional connectivity (FC) of each participant was
computed between all pairs of regions of interest (ROIs) using Pearson correlation coefficients from the minTP-matched time points. For the bagging method,
500 bootstrapped timeseries samples of size TP were generated with replacement for each participant using the minTP-matched time points. 8) Iteratively, the
FC between all pairs of ROIs was computed using Pearson correlation coefficients for the 500 bootstrapped samples. 9) A mean bagged FC matrix also was
generated for each youth by averaging the 500 connectivity matrices. [The motion-ordered and bagging methods are adapted from previous work (24).] The
analysis code for this study can be found at https://github.com/JRam02/inclusivity. NDA, National Institute of Mental Health Data Archive.
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group without replacement over 500 iterations. The mean
brain-behavior Rs and 95% CIs were plotted as a function of n.
Then, we estimated the absolute DAUC to quantify the rate of
change in AUC between the standard, motion-ordered, and
4 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging - 2
bagging methods. Finally, we evaluated the agreement of the
standard and motion-ordered/bagged brain-behavior relation-
ships using Lin’s concordance coefficient (rc) (55,56) across
the 3 racial/ethnic groups. By definition, rc measures the
025; -:-–- www.sobp.org/BPCNNI
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Figure 2. Example of 2 participants’ resting-state functional magnetic resonance imaging (fMRI) timeseries data using the motion-ordered and bagging
methods. Top panel: Participant A is identified as low-motion, which means that their fMRI data likely have fewer motion-corrupted time points. Bottom panel:
Participant B is identified as high-motion, which means that their fMRI data likely have more motion-corrupted time points. In both cases, all the motion-
corrupted time points (T ) are censored on the basis that their framewise displacement (FD) was .0.20 mm using a procedure known as scrubbing. For
each identified T, its preceding and 2 succeeding time points are also removed. The scrubbed timeseries are then ranked by the lowest FD values such that the
smallest value will be 0 and the largest value will be 0.20 mm. A minimum time point (minTP) threshold is applied to select the same number of least motion-
corrupted time points in the timeseries. In the current study, this minTP threshold (e.g., 100 time points) is chosen based on the extent to which we can retain
the maximum number of low-/high-motion participants across the 3 racial/ethnic groups. If a participant has fewer scrubbed time points than the minTP
threshold, they are not included in the subsequent analysis. Once the minTP-matched time points of all low-/high-motion participants are selected, the motion-
ordered and bagging methods are applied. For the motion-ordered method, the functional connectivity matrix of each participant is computed using the
minTP-matched time points. For bagging, 500 bootstrapped samples are generated with replacement for each participant using minTP-matched time points of
size TP. Here, TP corresponds to the number of time points being bootstrapped with replacement from the minTP-matched time points. In the current study,
minTP and TP have identical sizes. For each participant, the bagged functional connectivity matrix is computed in an iterative manner. ROI, region of interest. .
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agreement between 2 variables from a set of bivariate data
ranging from 21 (perfect discordance) to 1 (perfect concor-
dance) (Supplemental Methods 14). It can be interpreted as a
weighted version of the Pearson correlation coefficient, with
rc ,0.20 denoting poor concordance and rc . 0.80 repre-
senting excellent concordance (57).

RESULTS

Disproportionate Exclusion of High-Motion
Minoritized Youth

We observed that a strict head motion threshold drastically
reduced the sample sizes across racial/ethnic groups relative
to a liberal head motion threshold (Figure 3A). However, there
was a disproportionate decline in the sizes of the Black and
Hispanic groups regardless of the mean FD threshold. This
was due to a significant difference in mean FD across the 3
racial/ethnic groups [see (58)]. Minoritized youth exhibited
greater head motion than White youth (Figure 3B) (Kruskal-
Wallis test, H2 = 61.9, p , .001; Black median mean FD = 0.20
mm, Hispanic median mean FD = 0.19 mm, and White median
Biological Psychiatry: Cognitive Neuroscien
mean FD = 0.16 mm). We observed a gradual disproportionate
decrease in the temporal signal-to-noise ratio of the Black and
Hispanic youth when liberal mean FD thresholds were applied
(Figure 3A). There was also a significant difference in the
number of scrubbed time points across the 3 racial/ethnic
groups. Minoritized youth had fewer scrubbed time points in
their motion-limited fMRI timeseries than White youth
(Figure 3A) (Kruskal-Wallis test, H2 = 34.7, p , .001; Black
median scrubbed time points = 936, Hispanic median scrub-
bed time points = 940, and White median scrubbed time
points = 1016). Because most low-/high-motion participants
had at least 100 scrubbed time points, we set the minTP and
TP thresholds to 100 time points to maximize participant in-
clusivity across the 3 racial/ethnic groups.

Standard Brain-Behavior Associations From Low-
Motion Racial and Ethnic Groups

We examined the reproducibility of the standard brain-
behavior relationships as a function of n ranging from 25
(typical) to maximum n in each group (large = 250). We
observed tightening of the 95% CI as the sample sizes of the
ce and Neuroimaging - 2025; -:-–- www.sobp.org/BPCNNI 5
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Figure 3. Impact of head motion across racial and ethnic groups in the ABCD (Adolescent Brain Cognitive Development) Study. (A) Left: Relationship
between head motion thresholds and sample sizes. Head motion was quantified by mean framewise displacement (FD) such that mean FD ˛ (0.08, 0.20, 0.30,
0.40, 0.50). Middle: Relationship between head motion thresholds and signal quality indexed by the temporal signal-to-noise ratio. Mean FD ˛ (0.08, 0.20, 0.30,
0.40, 0.50). Right: Relationship between number of scrubbed time points and sample sizes. Number of scrubbed time points ˛ (100, 200, 300, 400, 500, 600,
700, 800, 900, 1000, 1100, 1200, 1300, 1400, 1500). (B) Left: There was a significant difference in head motion across the 3 racial/ethnic groups. Right: There
was a significant difference in the number of scrubbed time points across the 3 racial/ethnic groups.

Inclusive and Reproducible Brain-Behavior Associations
Biological
Psychiatry:
CNNI
racial/ethnic groups grew from typical to large for both the NIH
Cognition Toolbox (Table 2) and CBCL externalizing scores
(Table 3). For the NIH Cognition Toolbox, Black jRsj = 0.12,
Hispanic jRsj = 0.053, and White jRsj = 0.10. For CBCL
externalizing scores, Black jRsj = 0.057, Hispanic jRsj = 0.080,
and White jRsj = 0.097.

Motion-Ordered and Bagged Brain-Behavior
Associations From Low-Motion Racial and Ethnic
Groups

Next, we assessed the reproducibility of the motion-ordered
and bagged brain-behavior relationships as a function of n
ranging from 25 (typical) to maximum n of each group (large).
We observed tightening of the 95% CI as the sample sizes of
the racial/ethnic groups increased from typical to large for the
NIH Cognition Toolbox (Table 2) and CBCL externalizing
scores (Table 3). The brain-behavior relationships were com-
parable to those obtained from the standard method. For the
NIH Cognition Toolbox, Black jRsj = 0.13, Hispanic jRsj =
0.066, and White jRsj = 0.11 using the motion-ordered method,
and Black jRsj = 0.12, Hispanic jRsj = 0.066, and White jRsj =
6 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging - 2
0.11 using bagging. For CBCL externalizing scores, Black
jRsj = 0.056, Hispanic jRsj = 0.065, and White jRsj = 0.071
using the motion-ordered method and Black jRsj = 0.049,
Hispanic jRsj = 0.067, and White jRsj = 0.070 using bagging.
For the NIH Cognition Toolbox, DAUCmotion-ordered was as
follows: Black DAUC = 1.03%, Hispanic DAUC = 4.96%, and
White DAUC = 0.22%. For the NIH Cognition Toolbox,
DAUCbagging was as follows: Black DAUC = 0.26%, Hispanic
DAUC = 3.80%, and White DAUC = 2.14%. For CBCL exter-
nalizing scores, DAUCmotion-ordered was as follows: Black
DAUC = 2.75%, Hispanic DAUC = 2.86%, and White DAUC =
2.40%. For CBCL externalizing scores, DAUCbagging was as
follows: Black DAUC = 3.42%, Hispanic DAUC = 1.93%, and
White DAUC = 2.70%.

Retaining High-Motion Youth for Inclusive and
Reproducible Brain-Behavior Associations

Next, we tested whether motion-ordered and bagging
methods can maximize participant inclusion for generating
inclusive and reproducible brain-behavior associations.
Instead of discarding all the high-motion youth based on
025; -:-–- www.sobp.org/BPCNNI
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Table 2. Correlations Between Functional Connectivity and NIH Cognition Toolbox Obtained From the Standard, Motion-
Ordered, and Bagging Methods as a Function of Sample Size Across the 3 Low-Motion Racial/Ethnic Groups

Sample Size, n

Brain-Behavior Relationships for NIH Cognition Toolbox

Standard Motion-Ordered Bagging

Low-Motion White Youth

25 0.10 [20.32 to 0.49] 0.10 [20.31 to 0.50] 0.11 [20.28 to 0.49]

39 0.10 [20.22 to 0.42] 0.088 [20.23 to 0.39] 0.098 [20.22 to 0.43]

62 0.097 [20.14 to 0.35] 0.11 [20.15 to 0.34] 0.094 [20.17 to 0.37]

97 0.093 [20.098 to 0.29] 0.11 [20.077 to 0.29] 0.11 [20.088 to 0.28]

152 0.11 [20.057 to 0.26] 0.10 [20.050 to 0.26] 0.11 [20.038 to 0.23]

238 0.095 [20.019 to 0.21] 0.11 [20.011 to 0.21] 0.10 [20.012 to 0.23]

374 0.10 [0.006 to 0.19] 0.099 [0.009 to 0.20] 0.11 [0.016 to 0.19]

586 0.10 [0.033 to 0.18] 0.11 [0.028 to 0.17] 0.11 [0.038 to 0.17]

920 0.10 [0.051 to 0.15] 0.11 [0.057 to 0.15] 0.11 [0.057 to 0.15]

1444 0.10 [0.073 to 0.13] 0.11 [0.074 to 0.14] 0.11 [0.076 to 0.14]

2266 0.10 [0.10 to 0.10] 0.11 [0.11 to 0.11] 0.11 [0.11 to 0.11]

AUC 250.01 250.55 244.67

Low-Motion Black Youth

25 0.13 [20.29 to 0.51] 0.12 [20.23 to 0.52] 0.13 [20.33 to 0.50]

33 0.12 [20.22 to 0.42] 0.13 [20.19 to 0.44] 0.11 [20.22 to 0.42]

44 0.12 [20.17 to 0.39] 0.14 [20.14 to 0.42] 0.13 [20.17 to 0.42]

58 0.11 [20.12 to 0.33] 0.12 [20.16 to 0.38] 0.14 [20.092 to 0.39]

77 0.12 [20.096 to 0.30] 0.13 [20.078 to 0.33] 0.12 [20.11 to 0.34]

101 0.12 [20.060 to 0.29] 0.13 [20.050 to 0.28] 0.12 [20.050 to 0.28]

134 0.12 [20.017 to 0.25] 0.13 [20.005 to 0.27] 0.11 [20.029 to 0.24]

177 0.12 [0.003 to 0.23] 0.13 [0.013 to 0.24] 0.12 [0.007 to 0.22]

234 0.12 [0.034 to 0.21] 0.12 [0.031 to 0.21] 0.12 [0.033 to 0.20]

310 0.12 [0.067 to 0.18] 0.13 [0.073 to 0.18] 0.12 [0.069 to 0.18]

410 0.12 [0.12 to 0.12] 0.13 [0.13 to 0.13] 0.12 [0.12 to 0.12]

AUC 85.33 86.21 85.55

Low-Motion Hispanic Youth

25 0.049 [20.34 to 0.48] 0.086 [20.36 to 0.51] 0.062 [20.39 to 0.46]

35 0.056 [20.29 to 0.38] 0.063 [20.27 to 0.41] 0.080 [20.26 to 0.40]

48 0.056 [20.24 to 0.35] 0.060 [20.23 to 0.33] 0.064 [20.22 to 0.35]

67 0.044 [20.19 to 0.25] 0.058 [20.14 to 0.28] 0.068 [20.15 to 0.29]

93 0.056 [20.14 to 0.25] 0.064 [20.11 to 0.25] 0.064 [20.11 to 0.25]

129 0.055 [20.11 to 0.21] 0.066 [20.091 to 0.22] 0.062 [20.086 to 0.21]

179 0.052 [20.065 to 0.17] 0.065 [20.056 to 0.18] 0.064 [20.066 to 0.18]

249 0.055 [20.047 to 0.15] 0.066 [20.032 to 0.16] 0.066 [20.044 to 0.16]

345 0.054 [20.035 to 0.13] 0.066 [20.005 to 0.15] 0.064 [20.010 to 0.14]

480 0.056 [0.004 to 0.11] 0.067 [0.021 to 0.11] 0.065 [0.018 to 0.11]

666 0.054 [0.054 to 0.054] 0.066 [0.066 to 0.066] 0.066 [0.064 to 0.067]

AUC 123.47 117.35 118.78

Values are presented as mean Rs [95% CI]. The standard method corresponded to the brain-behavior associations derived from the full fMRI timeseries of low-motion
youth with a mean FD ,0.20 mm. The motion-ordered method corresponded to the brain-behavior associations derived from the scrubbed fMRI timeseries ranked and
thresholded by their 100 least motion-corrupted time points (0, FD, 0.20 mm) to construct the functional connectivity matrices of low-motion youth. The bagging method
corresponded to the brain-behavior associations derived from the scrubbed fMRI timeseries ranked and thresholded by their 100 least motion-corrupted time points (0 ,

FD , 0.20 mm), from which 100 time points were bootstrapped across 500 iterations to construct the functional connectivity matrices of low-motion youth. The sample
sizes were bootstrapped at 11 logarithmically spaced n intervals: Black n ˛ (25, 33, 44, 58, 77, 101, 134, 177, 234, 310, 410); Hispanic n ˛ (25, 35, 48, 67, 93, 129, 179, 249,
345, 480, 666); and White n ˛ (25, 39, 62, 97, 152, 238, 374, 586, 920, 1444, 2266). For each low-motion racial/ethnic group and behavior, we computed a total of 11
intervals 3 500 bootstrapped n samples = 5500 standard and motion-ordered correlations. For each low-motion racial/ethnic group and behavior, we computed a total
of 11 intervals 3 500 bootstrapped n samples 3 500 bootstrapped time points = 2.75 million bagged correlations. For each racial/ethnic group, the brain-behavior Rs

and 95% CIs are shown as a function of sample size. The AUC for the brain-behavior associations are also displayed.
AUC, area under the curve; FD, framewise displacement; fMRI, functional magnetic resonance imaging.
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common practices in brain-behavior association studies, such
as applying a mean FD ,0.20 mm, we retained all low-/high-
motion youth who had usable time points in their fMRI
Biological Psychiatry: Cognitive Neuroscien
timeseries. To maximize participant inclusion, we retained all
low-/high-motion youth who had a minimum of 100 least
motion-corrupted time points in their scrubbed fMRI timeseries
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Table 3. Correlations Between Functional Connectivity and CBCL Externalizing Scores Obtained From the Standard, Motion-
Ordered, and Bagging Methods as a Function of Sample Size Across the 3 Low-Motion Racial/Ethnic Groups

Sample Size, n

Brain-Behavior Relationships for CBCL Externalizing

Standard Motion-Ordered Bagging

Low-Motion White Youth

25 0.097 [20.29 to 0.46] 0.064 [20.34 to 0.49] 0.071 [20.32 to 0.44]

39 0.10 [20.19 to 0.41] 0.086 [20.22 to 0.39] 0.067 [20.26 to 0.40]

62 0.094 [20.13 to 0.33] 0.063 [20.20 to 0.30] 0.067 [20.20 to 0.30]

97 0.092 [20.099 to 0.28] 0.066 [20.12 to 0.25] 0.068 [20.12 to 0.27]

152 0.098 [20.050 to 0.25] 0.072 [20.078 to 0.22] 0.066 [20.082 to 0.22]

238 0.095 [20.033 to 0.22] 0.069 [20.049 to 0.18] 0.073 [20.042 to 0.19]

374 0.099 [0.007 to 0.19] 0.072 [20.027 to 0.16] 0.070 [20.023 to 0.16]

586 0.10 [0.031 to 0.17] 0.072 [20.006 to 0.14] 0.070 [0.005 to 0.15]

920 0.098 [0.053 to 0.14] 0.070 [0.022 to 0.12] 0.070 [0.019 to 0.12]

1444 0.099 [0.068 to 0.13] 0.071 [0.038 to 0.10] 0.072 [0.041 to 0.10]

2266 0.099 [0.099 to 0.099] 0.071 [0.071 to 0.071] 0.071 [0.071 to 0.072]

AUC 244.82 250.70 251.44

Low-Motion Black Youth

25 0.055 [20.35 to 0.45] 0.078 [20.31 to 0.48] 0.039 [20.36 to 0.43]

33 0.060 [20.28 to 0.38] 0.063 [20.30 to 0.42] 0.045 [20.30 to 0.39]

44 0.056 [20.23 to 0.35] 0.052 [20.23 to 0.36] 0.050 [20.22 to 0.31]

58 0.054 [20.18 to 0.27] 0.056 [20.18 to 0.29] 0.051 [20.18 to 0.28]

77 0.048 [20.15 to 0.23] 0.047 [20.15 to 0.26] 0.046 [20.16 to 0.25]

101 0.055 [20.12 to 0.22] 0.055 [20.10 to 0.22] 0.044 [20.14 to 0.22]

134 0.061 [20.065 to 0.19] 0.052 [20.088 to 0.17] 0.053 [20.094 to 0.19]

177 0.059 [20.048 to 0.16] 0.055 [20.055 to 0.16] 0.050 [20.055 to 0.17]

234 0.063 [20.023 to 0.15] 0.053 [20.030 to 0.14] 0.053 [20.026 to 0.14]

310 0.059 [0.007 to 0.11] 0.051 [20.004 to 0.11] 0.052 [20.005 to 0.10]

410 0.059 [0.059 to 0.059] 0.054 [0.054 to 0.054] 0.051 [0.049 to 0.053]

AUC 82.69 84.96 85.52

Low-Motion Hispanic Youth

25 0.061 [20.34 to 0.43] 0.065 [20.33 to 0.45] 0.053 [20.37 to 0.45]

35 0.079 [20.22 to 0.43] 0.058 [20.29 to 0.38] 0.065 [20.25 to 0.37]

48 0.089 [20.20 to 0.34] 0.066 [20.18 to 0.35] 0.073 [20.21 to 0.35]

67 0.081 [20.15 to 0.31] 0.067 [20.17 to 0.31] 0.073 [20.16 to 0.32]

93 0.086 [20.091 to 0.27] 0.065 [20.11 to 0.27] 0.067 [20.11 to 0.26]

129 0.083 [20.063 to 0.23] 0.064 [20.082 to 0.22] 0.065 [20.085 to 0.22]

179 0.082 [20.036 to 0.21] 0.063 [20.056 to 0.19] 0.073 [20.039 to 0.19]

249 0.077 [20.016 to 0.16] 0.064 [20.034 to 0.15] 0.069 [20.015 to 0.16]

345 0.082 [0.007 to 0.14] 0.068 [20.008 to 0.14] 0.068 [20.008 to 0.14]

480 0.082 [0.037 to 0.13] 0.066 [0.021 to 0.11] 0.067 [0.018 to 0.11]

666 0.082 [0.082 to 0.082] 0.066 [0.066 to 0.066] 0.066 [0.065 to 0.068]

AUC 113.75 117.00 115.94

Values are presented as mean Rs [95% CI]. The standard method corresponded to the brain-behavior associations derived from the full fMRI timeseries of low-motion
youth with a mean FD ,0.20 mm. The motion-ordered method corresponded to the brain-behavior associations derived from the scrubbed fMRI timeseries ranked and
thresholded by their 100 least motion-corrupted time points (0, FD, 0.20 mm) to construct the functional connectivity matrices of low-motion youth. The bagging method
corresponded to the brain-behavior associations derived from the scrubbed fMRI timeseries ranked and thresholded by their 100 least motion-corrupted time points (0 ,

FD , 0.20 mm), from which 100 time points were bootstrapped across 500 iterations to construct the functional connectivity matrices of low-motion youth. The sample
sizes were bootstrapped at 11 logarithmically spaced n intervals: Black n ˛ (25, 33, 44, 58, 77, 101, 134, 177, 234, 310, 410); Hispanic n ˛ (25, 35, 48, 67, 93, 129, 179, 249,
345, 480, 666); and White n ˛ (25, 39, 62, 97, 152, 238, 374, 586, 920, 1444, 2266). For each low-motion racial/ethnic group and behavior, we computed a total of 11
intervals 3 500 bootstrapped n samples = 5500 standard and motion-ordered correlations. For each low-motion racial/ethnic group and behavior, we computed a total
of 11 intervals 3 500 bootstrapped n samples 3 500 bootstrapped time points = 2.75 million bagged correlations. For each racial/ethnic group, the brain-behavior Rs

and 95% CIs are shown as a function of sample size. The AUC for the brain-behavior associations are also displayed.
AUC, area under the curve; CBCL, Child Behavior Checklist; FD, framewise displacement; fMRI, functional magnetic resonance imaging.
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(Supplemental Methods 13). This procedure helped to retain a
total of 5732 participants, corresponding tow99.98% of the total
sample size: Black n = 810, Hispanic n = 1247, and White n =
8 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging - 2
3675. This procedure maximized the representation of minori-
tized youth in subsequent brain-behavior analyses (loss in Black
n = 0%, loss in Hispanic n = 0%, and loss in White n = 0.03%).
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Figure 4. Correlations between functional connectivity and (A, B) NIH Cognition Toolbox and (C, D) Child Behavior Checklist (CBCL) externalizing scores
obtained from the standard and motion-ordered methods as a function of sample size across the 3 low-/high-motion racial/ethnic groups. The standard
method corresponded to the brain-behavior associations derived from the full functional magnetic resonance imaging (fMRI) timeseries of low-/high-motion
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We reexamined the reproducibility of the motion-ordered
and bagged brain-behavior associations as a function of n
ranging from 25 (typical) to maximum n of each group (large).
We computed standard brain-behavior associations to
compare the performances of the motion-ordered and bagging
methods when including the high-motion youth. We observed
similar tightening of the 95% CIs as sample size increased with
the standard and motion-ordered methods (Figure 4) in addi-
tion to the standard and bagging methods (Figure 5) for the
NIH Cognition Toolbox and CBCL externalizing scores. The
standard, motion-ordered, and bagged brain-behavior asso-
ciations remained comparable even when the high-motion
youth were included. From the standard method and NIH
Cognition Toolbox, Black jRsj = 0.076, Hispanic jRsj = 0.047,
and White jRsj = 0.090. From the motion-ordered method and
NIH Cognition Toolbox, Black jRsj = 0.071, Hispanic jRsj =
0.044, and White jRsj = 0.086. From bagging and the NIH
Cognition Toolbox, Black jRsj = 0.072, Hispanic jRsj = 0.043,
and White jRsj = 0.085. From the standard method and CBCL
externalizing scores, Black jRsj = 0.069, Hispanic jRsj = 0.034,
and White jRsj = 0.065. From the motion-ordered method and
CBCL externalizing scores, Black jRsj = 0.049, Hispanic jRsj =
0.037, and White jRsj = 0.056. From bagging and CBCL
externalizing scores, Black jRsj = 0.045, Hispanic jRsj = 0.041,
and White jRsj = 0.055. The DAUCmotion-ordered for the NIH
Cognition Toolbox were as follows: Black DAUC = 2.58%,
Hispanic DAUC = 0.09%, and White DAUC = 0.72%. For the
NIH Cognition Toolbox, DAUCbagging was as follows: Black
DAUC = 3.03%, Hispanic DAUC = 3.87%, and White DAUC =
0.55%. For CBCL externalizing scores, DAUCmotion-ordered was
as follows: Black DAUC = 2.15%, Hispanic DAUC = 3.03%,
and White DAUC = 3.05%. For CBCL externalizing scores,
DAUCbagging was as follows: Black DAUC = 2.00%, Hispanic
DAUC = 1.47%, and White DAUC = 0.37%.

Concordance of Standard and Motion-Ordered/
Bagged Brain-Behavior Relationships From Low-/
High-Motion Youth

At n = 25 (typical) and n = 250 (large), we observed strong
concordance between the standard and motion-ordered brain-
behavior relationships for the NIH Cognition Toolbox (0.76 ,

rc , 0.83) and CBCL externalizing scores (0.76 , rc , 0.83)
derived from the low-motion racial/ethnic groups (Figures 6
and 7). We observed similar concordance patterns at typical
and large sample sizes when the high-motion youth were
included for the NIH Cognition Toolbox (0.76 , rc , 0.82) and
CBCL externalizing scores (0.69, rc , 0.80) (Figures 6 and 7).
Additionally, the concordance of the standard and bagged
brain-behavior associations was consistent with those derived
=

youth who have been retained for the analyses without imposing an initial hea
motion-ordered method corresponded to the brain-behavior associations derive
retained based on the assumption that they had a minimum of 100 least motion-
lowest FD values, and 100 least motion-corrupted time points (0, FD, 0.20 mm
The sample sizes were bootstrapped at 11 logarithmically spaced n intervals: Blac
55, 81, 119, 177, 261, 386, 571, 843, 1247); and White n ˛ (25, 41, 68, 112, 184
group and behavior, we computed a total of 11 intervals 3 500 bootstrapped n
purple lines show the mean correlations from the 500 bootstrapped samples fo
maximum correlations across 500 bootstrapped samples for a given sample size.
given sample size. The areas under the curve (AUCs) for the brain-behavior asso
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from the motion-ordered method at typical and large sample
sizes (Figures S3 and S4). Finally, the effect sizes produced by
the standard, motion-ordered, and bagging methods were
comparable using a single fMRI scan (Supplemental Methods
14; Figures S5–S9) and the weakest edge in the functional
connectome (Figures S9–S13) with and without including the
high-motion youth at typical and large sample sizes.

DISCUSSION

In modern neuroimaging research and specifically in the sub-
field of biological psychiatry, the quest for reproducible brain-
behavior relationships has underscored a need for large
sample sizes that can provide adequate statistical power. At
the same time, consortia datasets undergo rigorous data QC
to mitigate the impact of noise, such as that produced by
participant head motion, with strict thresholds for data inclu-
sion. This is also a feature of research that uses neuroimaging
data from smaller, community-based samples, which often
excludes high-motion participants despite the sample size.
Unfortunately, applying strict head motion thresholds drasti-
cally reduces sample size, particularly in minoritized develop-
mental cohorts. Here, replicating and extending previous work
(24), we demonstrated the utility of motion-ordering and
motion-ordering1resampling (bagging) methods for preserving
fMRI data that contain high levels of head motion. Although
minoritized youth exhibited greater head motion than White
youth, both methods retained more than 99% of all minoritized
youth and produced inclusive and reproducible effect sizes
across races/ethnicities. The motion-ordered and bagging
methods enhance sample representation in brain-behavior
association studies and help generate reproducible effect
sizes across sociodemographically diverse cohorts.

We showed that fMRI data that contain high head motion
can be retained and used to compute meaningful brain-
behavior associations for general cognitive performance and
externalizing psychopathology. Applying the motion-ordered
and bagging methods produced brain-behavior correlations
comparable to those produced by the standard motion
correction method when high-motion datasets collected from
minoritized youth were retained. The effect sizes from the
standard versus motion-ordered and bagging methods
differed by a maximum of 7%. Some people may consider this
a small gain, but it is important to note that the effect sizes of
the proposed methods were obtained by including more than
99% of Black, Hispanic, and White youth. This remained true
when a single fMRI scan and the weakest edge in the func-
tional connectome was used. This extends previous work (24)
showing that we may not need to discard thousands of par-
ticipants in consortia datasets, particularly from among
d motion threshold of mean framewise displacement (FD) ,0.20 mm. The
d from the scrubbed fMRI timeseries of low-/high-motion youth who were
corrupted time points. Their scrubbed fMRI timeseries were ranked by their
) were selected to construct the functional connectivity matrices of the youth.
k n ˛ (25, 35, 50, 71, 100, 142, 201, 285, 404, 572, 810); Hispanic n ˛ (25, 37,
, 303, 499, 822, 1355, 2231, 3675). For each low-/high-motion racial/ethnic
samples = 5500 standard and motion-ordered correlations. Solid teal and
r a given sample size. Teal and purple shadings denote the minimum and
Black dotted lines represent the lower and upper bounds of the 95% CIs for a
ciations are also displayed. minTP, mininum time point.

2025; -:-–- www.sobp.org/BPCNNI

http://www.sobp.org/BPCNNI


Figure 5. Correlations between functional connectivity and (A, B) the NIH Cognition Toolbox and (C, D) Child Behavior Checklist (CBCL) externalizing
scores obtained from the standard and bagging methods as a function of sample size across the 3 low-/high-motion racial/ethnic groups. The standard
method corresponded to the brain-behavior associations derived from the full functional magnetic resonance imaging (fMRI) timeseries of low-/high-motion
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youth who have been retained for the analyses without imposing an initial head motion threshold of mean framewise displacement (FD) ,0.20 mm. The
bagging method corresponded to the brain-behavior associations that were derived from the scrubbed fMRI timeseries of low-/high-motion youth who were
retained based on the assumption that they had a minimum of 100 least motion-corrupted time points. Their scrubbed fMRItimeseries were ranked by their
lowest FD values, and 100 least motion-corrupted time points (0 , FD , 0.20 mm) were selected, from which 100 time points were bootstrapped across 500
iterations to construct the functional connectivity matrices of the youth. The sample sizes were bootstrapped at 11 logarithmically spaced n intervals: Black n ˛
(25, 35, 50, 71, 100, 142, 201, 285, 404, 572, 810); Hispanic n ˛ (25, 37, 55, 81, 119, 177, 261, 386, 571, 843, 1247); and White n ˛ (25, 41, 68, 112, 184, 303,
499, 822, 1355, 2231, 3675). For each low-/high-motion racial/ethnic group and behavior, we computed a total of 11 intervals3 500 bootstrapped n samples =
5500 standard correlations. For each low-/high-motion racial/ethnic group and behavior, we computed a total of 11 intervals3 500 bootstrapped n samples 3

500 bootstrapped time points = 2.75 million bagged correlations. The solid teal and purple lines show the mean correlations from the 500 bootstrapped
samples for a given sample size. Teal and purple shadings denote the minimum and maximum correlations across 500 bootstrapped samples for a given
sample size. The black dotted lines represent the lower and upper bounds of the 95% CIs for a given sample size. The areas under the curve (AUCs) for the
brain-behavior associations are also displayed. minTP, minimum time point.

Figure 6. Bootstrapped brain-behavior correlations obtained from the standard and motion-ordered methods at typical sample size (n = 25) with (A, B) and
without (C, D) excluding the high-motion youth across the 3 racial/ethnic groups. The teal and purple data points correspond to bootstrapped samples at n =
25 obtained from 500 iterations, and these samples were used to compute the associations between functional connectivity and the NIH Cognition Toolbox
and Child Behavior Checklist (CBCL) externalizing scores. Lin’s concordance correlation coefficient (rc) was computed to assess the reproducibility of the
brain-behavior associations obtained from the standard and motion-ordered methods. The low-/high-motion youth who were retained based on the
assumption that they had a minimum of 100 least motion-corrupted time points in their functional magnetic resonance imaging timeseries.
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Figure 7. Bootstrapped brain-behavior correlations obtained from the standard and motion-ordered methods at large sample size (n = 250) with (A, B) and
without (C, D) excluding the high-motion youth across the 3 racial/ethnic groups. The teal and purple data points correspond to bootstrapped samples at n =
250 obtained from 500 iterations, and these samples were used to compute the associations between functional connectivity and NIH Cognition Toolbox and
Child Behavior Checklist (CBCL) externalizing scores. Lin’s concordance correlation coefficient (rc) was computed to assess the reproducibility of the brain-
behavior associations obtained from the standard and motion-ordered methods. The low-/high-motion youth were retained based on the assumption that they
had a minimum of 100 least motion-corrupted time points in their functional magnetic resonance imaging timeseries.
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minoritized individuals, to produce meaningful brain-behavior
associations. In practice, motion-ordering may be preferred
for brain-behavior association studies due to its considerably
lower computational demands than bagging (24). However,
bagging may be particularly beneficial when deriving parame-
ters/features for brain-behavior predictive models that use
short acquisition scans (59,60). Regardless of which method
researchers opt to use, individuals do not need to be excluded;
instead, they can be retained if they have enough motion-
limited timeseries data.

We focused on generating inclusive and reproducible brain-
behavior relationships by retaining a large proportion of data
collected from minoritized youth. Researchers are also
Biological Psychiatry: Cognitive Neuroscienc
interested in using brain-based models to predict behavior.
However, predictive models are often trained on samples that
lack diversity, resulting in poorer prediction of behaviors in
minoritized individuals. Models trained on resting-state func-
tional connectivity data have been found to predict a broad
range of behaviors more accurately in White Americans than in
African Americans. Cognitive scores were found to be under-
predicted in African Americans compared with White Ameri-
cans in the ABCD Study, although the predictive performance
of the minoritized youth improved when the models were
trained only on African Americans (61). In contrast, external-
izing and internalizing behaviors were overpredicted in
African Americans compared with White Americans (61).
e and Neuroimaging - 2025; -:-–- www.sobp.org/BPCNNI 13
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Brain-behavior models can also fail to predict behaviors from
individuals who do not fit common neurocognitive profiles (62).
Not only has model failure—misclassification of neurocognitive
scores as low or high from functional connectivity—been
shown to be generalizable across datasets, behaviors, and
participant groups, but it can also be associated with socio-
demographic variables (62). High-scoring participants who
belong to non-White groups have been shown to be mis-
classified frequently as low scoring and vice versa for White
(not Hispanic/Latino) participants (62). Ultimately, before
moving to prediction, it is important for researchers to enhance
sample representation so that the data used to train these
predictive models are inclusive. Our methods provide a way for
improving the retention of minoritized individuals and securing
a diverse sample.

Before concluding, it is important to note some limitations of
the current study. First, we used w50% of the ABCD Baseline
Release. We followed DAIC and ABCC procedures to minimize
potential artifacts from confounding brain-behavior associa-
tions, especially when retaining high-motion youth. However,
investment in examining participant retention and potential
bias across all stages of preprocessing is an important avenue
for future research. Second, the proposed methods are
effective for functional connectivity applications that do not
rely on the continuity of the fMRI timeseries. The ranking of the
motion-limited time points may not be desirable for traditional
general linear models and intersubject correlations (63). Simi-
larly, the 2 methods are not ideal for questions that involve
examining the test-retest reliability or spatial reproducibility of
functional connectomes. While we retained high-motion youth
using 100 motion-limited time points, achieving highly reliable
and reproducible functional connectomes typically requires
much longer scan durations (36,64–70). Third, we need to
replicate the motion-ordered and bagged brain-behavior as-
sociations in existing datasets that have a good representa-
tion of minoritized identities. The Human Connectome Project
Development and Philadelphia Neurodevelopmental Cohort
are large datasets that could be used to replicate the utility of
these methods and extend the work to a broader age range
to examine the impact of these methods on developmental
change. Finally, the motion-ordered and bagging methods
were developed to compute brain-behavior associations at
the edge level as a function of sample size. Given that edges
in the functional connectome share variable behavioral rele-
vance (36), some may not exhibit any meaningful relationship
with a behavioral domain. There was no edge in the func-
tional connectome that shared a significant association with
internalizing. Future work could expand the proposed
methods to examine their abilities to produce inclusive and
reproducible brain-behavior associations at different levels of
functional organization (e.g., component, network) (1).

Conclusions

We can generate inclusive and reproducible brain-behavior
relationships using motion-limited fMRI data from low- and
high-motion youth across races and ethnicities. It is our hope
that these methods will reduce the tension between data
quality standards and sample size requirements and by doing
so, mitigate resource wastage and the unethical practice of
14 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging -
discarding large numbers of participants who have given their
time, effort, and trust to the research process. Ultimately,
retaining high-motion minoritized populations offers the op-
portunity to uncover biological and clinical variability that might
otherwise be missed due to underrepresentation, thereby
advancing our ability to identify neural mechanisms that are
relevant to these populations.
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