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Abstract

Working memory difficulties are common, debilitating, and may pose barriers to

recovery for people who use methamphetamine. Yet, little is known regarding the

neural dysfunctions accompanying these difficulties. Here, we acquired cross-

sectional, functional magnetic resonance imaging while people with problematic

methamphetamine-use experience (MA+, n = 65) and people without

methamphetamine-use experience (MA�, n = 44) performed a parametric n-back

task (0-back through 2-back). Performance on tasks administered outside of the scan-

ner, together with n-back performance, afforded to determine a latent dimension of

participants' working memory ability. Behavioural results indicated that MA+ partici-

pants exhibited lower scores on this dimension compared to MA� participants

(d = �1.39, p < .001). Whole-brain imaging results also revealed that MA+ partici-

pants exhibited alterations in load-induced responses predominantly in frontoparietal

and default-mode areas. Specifically, while the MA� group exhibited monotonic acti-

vation increases within frontoparietal areas and monotonic decreases within default-

mode areas from 0-back to 2-back, MA+ participants showed a relative attenuation

of these load-induced activation patterns (d = �1.55, p < .001). Moreover, increased

activations in frontoparietal areas from 0- to 2-back were related to greater working

memory ability among MA+ participants (r = .560, p = .004). No such effects were

observed for default-mode areas. In sum, reductions in working memory ability were

observed alongside load-induced dysfunctions in frontoparietal and default-mode

areas for people with problematic methamphetamine-use experience. Among them,

load-induced activations within frontoparietal areas were found to have a strong and

specific relationship to individual differences in working memory ability, indicating a

putative neural signature of the working memory difficulties associated with chronic

methamphetamine use.
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1 | INTRODUCTION

Cognitive difficulties are common and debilitating among people who

use methamphetamine. The most severe difficulties typically present

on constituent measures of executive control, like working memory.1

Impairments in working memory, a process supporting the temporary

storage and manipulation of goal-relevant information, may pose

barriers to daily functioning and recovery for people who use

methamphetamine.2,3 Behavioural therapies oriented toward redres-

sing deficits in working memory and broader executive-control

abilities have had preliminary successes in reducing the severity of

methamphetamine-dependence symptoms.4 Noninvasive neurostimu-

lation therapies, which have been shown to mitigate the antecedents

to methamphetamine relapse (e.g., cue-induced cravings), also specifi-

cally target substrates critical for working memory, such as dorsolat-

eral prefrontal cortex.5,6 Moreover, basal working memory ability has

been shown to relate to the efficacy of these therapies among people

with methamphetamine use disorder (MUD) and the therapies them-

selves have had preliminary successes in improving working memory

for people with MUD.7,8 Despite these mounting implications for

working memory and its associated neural substrates in treating

MUD, little is known regarding the potential neurofunctional alter-

ations associated with the working memory difficulties facing people

who use methamphetamine.

A recent meta-analysis on methamphetamine-related cognitive dif-

ficulties demonstrated that people with MUD exhibited reliably worse

working memory performance compared to controls.1 Therein, the det-

rimental effect of MUD on working memory was greater than its detri-

mental effect on many other facets of cognition (e.g., attention, verbal

fluency, processing speed). Neuroimaging studies have further docu-

mented methamphetamine-related alterations to several neural sub-

strates implicated in working memory performance, such as decreases

in dorsolateral prefrontal cortex volume, decreases in white-matter

integrity (via fractional anisotropy) within superior longitudinal fasciculi,

as well as decreased resting-state functional connectivity between

frontoparietal and default-mode networks.9–11 To our knowledge, how-

ever, only one study has sought to leverage imaging to characterize

methamphetamine-related neurofunctional alterations during a working

memory task.12 In that study, the authors administered a parametric

working memory task (i.e., the n-back) during functional magnetic reso-

nance imaging (fMRI). There, recently abstinent participants with MUD

exhibited globally reduced functional connectivity during the n-back

task relative to non-methamphetamine-using controls. This work was

pioneering in revealing neural network alterations during working mem-

ory among people with MUD. However, the lack of association

between those functional connectivity findings and performance on

the n-back leaves the specific neural dysfunctions underlying

methamphetamine-related working memory difficulties unclear.

The goal of the current study was to identify neurofunctional

signatures of working memory difficulties among people who use

methamphetamine. We acquired fMRI while participants with recent

problematic methamphetamine-use experience (MA+; i.e., MUD

symptoms within 12 months and/or using at least 20 of the past

30 days) and participants without methamphetamine-use experience

(MA�) completed a parametric n-back task. Participants were also

administered four working memory tasks outside of the scanner.

While it is common to obtain a single working memory measure, it is

challenging for performance observed on one measure to be inter-

preted as reflecting one's ability.13 Performance on a single measure

could be specific to that measure alone due to factors like task

instructions or response modality (i.e., measurement error). By collect-

ing multiple measures, the current study sought to recover a latent

dimension that accounted for systematic variation in performance

across measures to estimate individual and group differences in gen-

eral working memory ability.14

We tested whether the MA+ group exhibited altered neural

activations in response to increasing n-back loads compared to the

MA� group. Network activations demonstrate predictable patterns

with increasing working memory load. Frontoparietal regions, such as

dorsolateral prefrontal and posterior parietal areas, show increases in

positive activations as a function of increasing working memory

load.15–17 Conversely, default-mode regions, such as ventromedial

prefrontal and posterior cingulate areas, show increasingly negative

activations.18–20 Together, these load-induced activation patterns

may indicate an increasing bias of information processing toward

external, task-relevant stimuli and away from task-irrelevant streams

of thought (e.g., mind wandering)—both of which would be expected

to impact working memory performance.21,22 We hypothesized that

these canonical, load-induced frontoparietal and default-mode

responses would be attenuated for the MA+ relative to the MA�

group. Specifically, consistent with prior studies of populations who

exhibit working memory difficulties, we hypothesized that the MA+

group would exhibit lesser increases in activations within frontoparie-

tal areas and lesser decreases in activations within default-mode areas

with increasing working memory loads relative to the MA�

group.18,20,23,24 To determine whether load-induced dysfunctions in

such activations bear relevance to methamphetamine-related working

memory difficulties, we tested the extent to which they were associ-

ated with individual differences in working memory ability among

MA+ participants.

2 | METHODS

2.1 | Participants and procedure

Data were collected as part of an ongoing, longitudinal project examin-

ing relationships between brain function and methamphetamine use.

Study procedures were approved by the University of Nebraska-Lincoln

Institutional Review Board, informed consent was obtained before

study procedures, and participants were compensated for their time.

No aspect of this study or its parent project involved a clinical trial.

Participants were English-speaking adults, ages 21–60 years. Pro-

spective cases were identified from a larger cohort of people who use

illicit drugs recruited via community sampling (i.e., not recruited from

legal, treatment or medical settings).25 Pre-screening included:
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methamphetamine use within 6 months, methamphetamine as their

preferred substance, MRI contraindications and willingness to abstain

from using alcohol or illicit substances for at least 12 hours before study

sessions. Prospective cases were then interviewed by trained staff

regarding their recent methamphetamine use and DSM-5 stimulant-use

disorder criteria adapted for MUD within the past 12 months. The

problematic methamphetamine-use experience group (MA+) comprised

people reporting symptoms that met the DSM-5 clinical threshold for

MUD within the past 12 months and/or reporting using methamphet-

amine at least 20 of the past 30 days via the Risk Behaviour Survey.26

Only one MA+ participant did not meet the clinical threshold for MUD

but reported using at least 20 of the past 30 days. Community recruit-

ment and the inclusive MA+ group definition sought to sample a wide

range of recent problematic methamphetamine-use behaviours and

associated traits, including cognitive abilities. Controls (MA�) were

identified via online advertisements and a local research registry and

consisted of participants reporting neither a history of methamphet-

amine use nor a history of any substance use disorders.

Exclusion criteria were current pregnancy, chronic or uncontrolled

illness, current/active psychosis, uncorrected visual impairments, neu-

rological conditions, neurodevelopmental disorders (excluding ADHD),

trauma resulting in extended unconsciousness, and MR contraindica-

tions (e.g., ferrous implants). Neither psychiatric conditions nor

polysubstance use were exclusionary as these are common among the

broader population of people who use methamphetamine27–29 and

their exclusion could risk limiting the generalizability of study find-

ings.30 Participants were required to abstain from using alcohol and/or

illicit substances at least 12 hours prior to participating. This was con-

firmed at study intake via breathalyser, self-report of recent use, and

overt signs of intoxication. No participant was excluded on the basis of

these procedures. A 14-panel urine-drug screen was also administered

at study intake. One-hundred and nine (N = 109) participants com-

pleted the n-back task and met group criteria (nMA+ = 65, nMA- = 44).

2.2 | In-scanner working memory task

The n-back paradigm reliably evokes load-related positive activations

in frontoparietal regions and negative activations in default-mode

regions.31,32 Participants were trained on n-back instructions and

completed a practice task before imaging. During imaging, participants

completed two runs of a block-design, n-back task (7 min/run). They

were instructed to indicate via button press every time a letter on the

current screen matched a letter displayed in the one or two screens

preceding it (i.e., 1-back, 2-back conditions). For the 0-back condition,

participants were instructed to respond every time the letter “W” was

displayed. Combined, the three conditions provided a parametric

manipulation of the working memory load. Specifically, task demand

ranged from sustaining vigilance for cues matching the maintained

goal-relevant target (i.e., respond if “W” is displayed) to needing to

consistently update the goal-relevant target and the contents of

working memory (e.g., respond if the letter displayed matches the let-

ter presented two screens prior). Performance on the n-back paradigm

used here has been shown to load significantly on latent factors of

working memory ability.14

Each block began with condition instructions, followed by a brief

fixation cross to indicate task onset. For each trial, a white letter was

displayed on a black background for 0.5 s, followed by a fixation cross

(2.5 s; see Figure 1A). Participants were allotted this 3 s window to

respond. Valid probe letters were presented in 30% of trials. Jittered

rest periods separated blocks (5, 15, 17 or 19 s). Ten trials were

presented per each 30 s block. Each load condition was presented in

6 blocks across 2 runs (60 trials per load condition). Dependent vari-

ables were: response time, the total proportion of accurate responses

and the proportion of hits for valid probes (i.e., total accuracy and hit

accuracy, respectively).

2.3 | Image acquisition and processing

2.3.1 | Acquisition

Images were acquired via a Siemens 3-Tesla MAGNETOM Skyra and

a 32-channel head coil. To enhance reproducibility, Human

Connectome Project sequences were used. Whole-brain anatomical

images (160 sagittal slices) were acquired with volumetric navigators

for prospective motion correction to increase image fidelity and limit

data loss.33 These used a multiband, T1w-MPRAGE sequence:

TR = 2,530 ms, TE1/2/3/4 = 1.55/3.04/4.53/6.02 ms, FoV = 256 mm,

Flip Angle = 7.0 ∘ , 1.0mm3 isometric voxel. Functional images were

acquired using Gradient-recalled echo-planar sequences to recover

whole-brain (51 axial slices) blood-oxygen-level-dependent (BOLD)

signal via the following parameters: TR= 1,000ms, TE=29.80ms,

FoV=210mm, Flip Angle=60 ∘ , 2.5mm3 isometric voxel. Phase

encoding was reversed (AP-PA) between n-back runs to facilitate

spatial normalization.

2.3.2 | Processing

A standardized, fmriprep (v23.1.2)34 preprocessing workflow was used,

including bias-field corrections, brain extraction, nonlinear spatial

normalization to the ICBM-152 Nonlinear Asymmetrical template, com-

partment segmentation (i.e., grey/white matter, cerebrospinal fluid), as

well as motion correction and quantification via affine transformations.

Vectors for motion censoring were obtained using an a priori threshold

(framewise displacement > 0.7).14,35,36 Preprocessed functional vol-

umes were spatially smoothed via a 6 mm Gaussian kernel. AFNI's

3dDeconvolve was used to construct generalized linear models estimat-

ing activations during the n-back task conditions while (1) controlling

for translation and rotation motion parameters, and framewise displace-

ment37; (2) preventing volumes deemed motion outliers from influenc-

ing task-activation outputs (i.e., censoring) and; (3) employing an

automatic polynomial (high-pass) filter to minimize temporal trends

(e.g., signal drifts). Within these models, participant-level task activa-

tions were obtained by convolving the task-design matrix and AFNI's
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block impulse-response functions, the product of which was regressed

onto participants' BOLD time series' while controlling for the aforemen-

tioned nuisance factors. These provided the beta weights for 0-, 1- and

2-back conditions that were used in subsequent analyses.

2.3.3 | Quality assurance

Characteristics of retained participants are found in Table 1. Quality-

assurance procedures excluded participants if their images had irrec-

oncilable artefacts or if ≥ 30% of their functional volumes were

deemed motion outliers in accordance with an a priori-determined

threshold. Participants failing to achieve at least 50% hit accuracy on

the n-back were also excluded. This criterion ensured findings were

based solely on participants who provided sustained, above-chance

performance (hit chance = 30%). In total, quality assurance excluded

18 MA+ and 0 MA� participants (N = 91). Comparisons between

excluded and retained MA+ samples are provided in the Supplemental

Methods and Results.

2.4 | Latent working memory dimension

Four working memory tasks were administered outside of the scan-

ner. These included a count-span task,40 the NIH-toolbox list-sorting

working memory test,41 and two delayed-recognition tasks.14,17

Among them, these tasks featured unique load manipulations,

response modalities, memoranda (i.e., visual arrays, images/spoken

words, letter lists), as well as required different operations to be per-

formed within working memory (i.e., enumerate targets and ignore

distractors vs. sort and sequence memoranda vs. maintain lists over

delay; see the Supplemental Methods). Thus, along with n-back per-

formance, these were used to assess working memory across varied

contexts to estimate participants' general working memory ability.13,40

This was achieved via principal component analysis (PCA) applied to

performance metrics from all five tasks.14 Parametric bootstrapping

determined components that accounted for significant variance across

the working memory measures and the extent to which each measure

contributed significantly to each component.

2.5 | Analytic approach

2.5.1 | Whole-brain analyses

Whole-brain Group, Load and Group � Load effects were first deter-

mined using AFNI's mixed-effect modelling program, 3dMVM.38 This 2

� 3 repeated measure ANOVA was confined to a sample-wide, grey

matter mask. Voxel-wise, family-wise error rate was controlled using a

cluster-extent threshold provided via nonparametric permutation of

F IGURE 1 N-back illustration and working memory group effects. (A) Example of 0-back (left) and 2-back (right) load conditions. For the 0-back
condition, the valid probe was fixed stimulus (i.e., the letter “W”). For 1- and 2-back conditions, valid probe-stimuli were varied. In the 2-back
condition, a valid probe was any letter that was displayed two screens prior (e.g., “K” in the provided example). (B) Group comparisons on the
5 targeted working memory performance measures and the latent working memory dimension (WML). MA� = people without methamphetamine
experience; MA+ = people with problematic methamphetamine-use experience. d = Cohen's d group effect size; ** = p < .01; *** = p < .001.
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TABLE 1 Characteristics of retained sample by group.

MA+ MA� Statistic

N 47 44 -

Age (Mean/Range) 41.36 (21–56) 38.64 (21–56) t = 1.33 NS

Gender (M:F:NBT) 24:21:02 26:18:00 χ2 = 0.30 NS a

Education (% endorsing) χ2 = 43.03 ***

No degree 12.77 00.00

High school/GED 38.30 09.09

Some college/Associates 46.81 27.27

Four-year degree 02.13 36.36

Graduate degree 00.00 27.27

Race (% endorsing) χ2 = 0.04 NS b

Asian/Pacific Islander 00.00 11.36

Amer. Indian/Alaska Native 06.38 02.27

Black/African Amer. 06.38 00.00

Caucasian 74.47 79.55

Multiple 08.51 06.82

Unknown 04.26 00.00

Ethnicity (% endorsing) χ2 = 1.11 NS c

Hispanic/Latine 04.26 11.36

Not Hispanic/Latine 78.72 86.36

Unknown 17.02 02.27

Mental Status/Neuropsych. (Mean/SEM)

MoCA 23.91 (0.38) 26.40 (0.39) t = �4.54 ***

Full-scale IQ-2 87.48 (1.84) 102.3 (1.84) t = �5.71 ***

Psych. Rx Status (% endorsing)

Any 25.53 22.73 χ2 = 0.10 NS

Antidepressant 17.02 15.91 χ2 = 0.02 NS

Stimulant 08.51 06.82 χ2 = 0.09 NS

Psych. Symptoms (Mean/SEM)

Anhedonia (SHAPS) 43.20 (0.91) 48.28 (0.68) t = �4.43 ***

Major Dep. (PHQ-9) 11.45 (1.14) 04.00 (0.64) t = 5.67 ***

Gen Anxiety (GAD-7) 10.40 (1.00) 04.86 (0.67) t = 4.55 ***

PTSD (PCL-5) 31.09 (3.11) 11.36 (1.56) t = 5.63 ***

Cigarette pack/day (Mean/SEM) 01.14 (0.19) 00.13 (0.20) t = 3.63 ***

Alcohol drink/day (Mean/SEM) 01.20 (0.32) 00.42 (0.32) t = 1.75 NS

Methamphetamine

Lifetime Use (% endorsing) 100.0 - -

Any 30-day Use (% endorsing) 87.23 - -

Use-days in past 30 (Mean/SEM) 17.05 (1.61) - -

Urine Drug Screen (% positive) 69.57 - -

Abbreviations: MA+ = problematic methamphetamine-use experience; MA� = no methamphetamine experience. M = male; F = female;

NBT = nonbinary/third gender. SEM = pooled standard error. MoCA = Montreal Cognitive Assessment. Full-scale IQ-2 = WASI-II full-scale IQ-2. GAD-

7 = Generalized Anxiety Disorder Scale. PHQ-9 = Patient Health Questionnaire. PCL-5 = PTSD Checklist for DSM-5. SHAPS = Snaith-Hamilton Pleasure

Index. NS = p > .05;

*= p < .05; ***= p < .001.
a, b, cTests performed on reduced groupings due to limited class samples:
aMale vs. Female;
bCaucasian vs. Not Caucasian/Multiple;
cHispanic/Latine vs. Not Hispanic/Latine.

Measures and additional characteristics are detailed in Supplemental Materials.
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residuals from Group tests among the different Load conditions,39

and selecting the most stringent cluster size provided by 3dClustSim

(k >62 faces-touching voxels) that yielded an estimated family-wise

error rate < .05, given a p ≤ .001.

2.5.2 | Effects by network label

We next sought to investigate the Group � Load interaction

effects specifically in frontoparietal and default-mode regions. Here,

voxel clusters that exhibited significant Group � Load interactions

in the whole-brain analyses were investigated. To examine potential

network effects, beta weights were averaged among those clusters

that featured voxels within frontoparietal or default-mode anatomi-

cal boundaries defined by the Yeo 7-network atlas.42 Thus, beta

weights were averaged among the four significant clusters that had

voxels within frontoparietal network boundaries. Similarly, beta

weights were averaged among the four significant clusters that had

voxels within default-mode network boundaries. An omnibus Group

� Load � Network (2 � 3 � 2) repeated-measures ANOVA was

then computed to determine whether these frontoparietal and

default-mode voxel clusters demonstrated distinct activation patterns

to increasing n-back loads (i.e., Load � Network interaction).

Importantly, this model was used to test whether groups differed in

these network activations by load (i.e., Group � Load � Network

interaction).

To specifically test our directional hypothesis that the MA+ group

would exhibit lesser increases in frontoparietal areas and lesser

decreases in activations within default-mode areas with increasing

working memory loads, a maximum network difference was calcu-

lated. This determined combined activation changes in these network

areas from the lowest- to the highest-Load conditions (i.e., 0-back and

2-back). Therein, beta-weights averaged among the default-mode

clusters were subtracted from those averaged among the frontoparie-

tal clusters for both 0- and 2-back conditions. The maximum network

difference was then calculated by subtracting the network difference

obtained during the 2-back condition from those obtained during the

0-back condition. Thus, participants with greater maximum network

difference coefficients exhibited larger combined increases in fronto-

parietal positive activations and decreases in default-mode cluster

activations from 0- to 2-back conditions.

2.5.3 | Potential confounding factors

Covariates were used to determine whether potential confounds

influenced primary between- and within-group effects. Confounding

effects were evaluated by individually entering covariates into the sta-

tistical models.35 Covariate measurements are detailed in the Supple-

mental Methods. The influence of 15 covariates was evaluated on the

primary between-groups working memory effects including demo-

graphic characteristics (e.g., age, education), neuropsychological base-

lines (i.e., full-scale IQ, current cognitive status), other substance use

(i.e., alcohol, tobacco), current psychiatric symptoms (e.g., anhedonia,

anxiety, PTSD) and medications. The influence of these and four addi-

tional covariates which accounted for n-back performance and in-

scanner head motion was evaluated on the primary between-groups

brain imaging effects. The influence of 30 covariates was evaluated

for the primary within-MA+ group effects. These analyses tested

whether covariates influenced the significance of relationships

between network cluster activations and working memory ability

among the MA+ participants. There, 14 additional covariates were

evaluated, encompassing recent substance use (e.g., past 30-day sub-

stance use, urine drug-screen status), as well as past methamphet-

amine-induced and organic psychosis symptoms.

2.5.4 | Image mappings and significance thresholds

Surface-based projections were used in main text figures to provide

efficient visualization of primary imaging findings. Those projections

are equivalent to their volume-based counterparts detailed in the Sup-

plemental Materials. For network-label analyses, Bonferroni proce-

dures were used to adjust for the number of follow-up comparisons

across the three Load conditions, yielding a corrected critical thresh-

old of α < .0167 (pBonferroni < .05). All other p-values were

uncorrected.

3 | RESULTS

3.1 | Working memory behavioural effects

The MA+ group was slower and less accurate (i.e., overall accuracy

and hit accuracy) in responding to n-back probes compared to MA�

participants (ps < .001; see the Supplemental Results). The MA+

group also exhibited reduced performance on all five of the targeted

working memory performance measures compared to the MA� group

(ps <.05; see Figure 1B). The PCA recovered a single component that

accounted for significantly greater-than-chance variance in perfor-

mance across the five targeted measures (λ1 = 1.95 [Bootstrap 95%

CL: 1.54–2.32]). Positive and significant loadings on this component,

along with significant contributions to it by each of the five working

memory performance measures supported the use of its factor scores

as a latent dimension of working memory ability (hereafter, WML; see

Tables S3–S4).14 The MA+ group demonstrated lower WML scores

relative to MA� participants (p< .001; see Figure 1B), supporting that

the former had reduced working memory ability. None of the

15 between-groups covariates altered the significance of this finding

(ANCOVA retained effects range: η2p = .127–.334, ps < .001).

3.2 | Whole-brain effects

The whole-brain Group � Load (2 � 3) repeated-measures ANOVA

yielded a significant main effect of Group within one cluster in the
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primary visual cortex (MNI isocenter: 02, 93, 04; see the

Supplemental Results). Significant main effects of Load were also

observed (see the Supplemental Results). Significant Group � Load

interaction effects were observed predominantly within regions

associated with frontoparietal and default-mode networks (see

Figure 2A, Table 2).

3.3 | Effects by network label

3.3.1 | Omnibus model

The Group � Load � Network (2 � 3 � 2) repeated-measures

ANOVA, Greenhouse–Geisser corrected for sphericity, indicated

TABLE 2 Whole-brain group � load significant voxel clusters.

Atlas label (BAs) X Y Z Voxels Area Network

Medial Orbitofrontal (24,32) 02 �45 �09 697 vmPFC DMN

L Superior Parietal Lobule (7,40) 32 58 47 614 L PL FPN

Superior Frontal (6) 07 �05 59 141 dACC -

Precuneus (23,31) 09 55 22 140 pCC DMN

Superior Frontal (8,9) 04 �50 32 131 dmPFC DMN

L Caudal Middle Frontal/

Precentral (6,8,9) 47 �03 42 114 L dlPFC FPN

R Superior Parietal Lobule (7) �26 70 57 094 R PL FPN

Superior Frontal (9) �01 �58 14 089 mPFC DMN

L Caudal Middle/

Superior Frontal (6) 27 00 62 074 L dPFC FPN

Note: Coordinates reflect isocenter of voxel cluster in MNI space. Labels adapted from Desikan–Killiany atlas reflect those with greatest overlap with voxel

clusters. Brodmann Area's (BA) within 5 mm of isocenter of voxel cluster, listed in order of proximity. Lateral distinctions are not made within 10 mm of

midline. Areas reflect functional neuroanatomic conventions. Network labels were ascribed to clusters with voxels within the default mode or

frontoparietal network boundaries from the Yeo 7-network atlas. Significance threshold evaluated at p < .001, k-faces-touching voxels > 62; family-wise

error rate corrected p < .05.

Abbreviations: DMN = default-mode network; FPN = frontoparietal network. dACC = dorsal anterior cingulate cortex; dlPFC = dorsolateral prefrontal

cortex; dmPFC = dorsomedial prefrontal cortex; mPFC = medial prefrontal cortex; pCC = posterior cingulate cortex; PL = parietal lobule;

vmPFC = ventromedial prefrontal cortex.

F IGURE 2 Whole-brain group � Load interaction effects. (A) Cortical surface projections of significant group � load interactions. Nine
significant voxel clusters were observed (see Table 2, Figure 3). Significance was determined via p≤ .001 and k>62 faces-touching voxel
thresholds, yielding an estimated family-wise error rate < .05. (B) Example of group � load directional effects. Group effects from 2-back > 0-back
load contrast shown within significant clusters from the group � load interaction. Warmer colours indicate MA+ exhibited a more positive
(i.e., less negative) load-induced activation effect compared to MA�. Cooler colours indicate MA+ exhibited less positive load-induced activation
effect compared to MA�. Whole-brain volume-based maps of group and load main effects, group � load interaction effects, are provided in the
Supplemental Materials along with load effects separated by group.
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significant main effects of Load, F(1.96,145.79)=24.21, η2p = .214,

p< .001 and Network, F(1,887.813)=625.81, η2p = .875, p< .001.

Expectedly, a significant Load � Network interaction, F(1.64,145.79)

=257.52, η2p = .743, p< .001, indicated large and opposite changes

from baseline were observed between frontoparietal and default-

mode areas with increasing Load (see Figure S6). Importantly, the

model indicated a significant Group � Load � Network interaction,

F(1.64,145.79)=43.07, η2p = .326, p< .001 (see Figure 3B). None of

the 19 between-groups covariates altered the significance of this

interaction (retained effects range: η2p = .114–.324, ps < .001). Post-

hoc, t-tests confirmed that group differences emerged with increased

Load. Specifically, the MA+ group exhibited significantly less positive

frontoparietal activations (t[89]=5.23, d=�1.10, pBonferroni < .001)

and significantly less negative default-mode activations (t[89]=5.23,

d=0.97, pBonferroni < .001) compared to MA� participants during the

2-back condition (see Figure 3). No other significant, post-hoc effects

were observed (pBonferroni > .05). No other significant main or interac-

tion effects were observed in the omnibus model (ps > .05).

3.3.2 | Directional hypothesis test

The maximum network difference coefficient was used to formally

test the hypothesized direction of the Group � Load � Network

interaction. Consistent with our hypothesis, the MA+ group exhibited

reduced maximum network difference coefficients relative to the

MA� group (p < .001; see Figure 4). Specifically, compared to MA�

participants, the MA+ group exhibited a combined pattern of lesser

increases in activations within frontoparietal clusters and

lesser decreases in activations within default-mode clusters with

increasing working-memory loads. None of the 19 between-groups

covariates altered the significance of this finding (ANCOVA retained

effects range: η2p = .138–.378, ps < .001).

3.4 | Within-MA+ group relationships with
working memory ability

Linear regressions tested the extent to which activations within the

frontoparietal and default-mode clusters had significant relationships

with MA+ participants' WML scores. Participants in the MA+ group

exhibiting greater increases frontoparietal cluster activations from 0-

to 2-back conditions had significantly greater WML scores compared

to MA+ participants exhibiting lesser increases in these activations

(see Figure 5A). None of the 30 within-subjects covariates altered the

significance of this relationship (partial effects range: rX.

YjZ = .461–.611, p = .033–.002). No significant relationship was

observed between load-induced activations in the default-mode

clusters and WML scores for the MA+ group (see Figure 5B). Even

after controlling for these activations in the default-mode clusters, the

F IGURE 3 Effects by network label. Cortical surface projections of significant voxel clusters separated by frontoparietal and default-mode
network labels (smoothed for display). (Top/warm colours) Dorsal view of the four frontoparietal voxel clusters and group effects on cluster
activations by load. (Bottom/cool colours) Medial view of the four default-mode voxel clusters and group effects on cluster activations by load.
Post-hoc tests indicated significant group differences emerged for clusters in both networks during the 2-back condition. d = Cohen's d group
effect size; pBonferroni indicates p-value corrected for the number of post-hoc tests. Voxels = voxels within each cluster. See Table 2 for
description of area labels and expanded cluster details.
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load-induced frontoparietal activations still retained a significant rela-

tionship with MA+ participants' WML scores, rX.YjZ = .542, p = .007.

Finally, we evaluated a voxel cluster that showed significant Group �
Load interaction effects in the whole-brain analyses but, was not

ascribed either a frontoparietal or default-mode network label

(i.e., dorsal anterior cingulate [dACC]). Activations from 0- to 2-back in

this dACC cluster showed a significant relationship with MA+ partici-

pants' WML scores (r = .395, p = .051). Yet, this relationship did not

retain significance when controlling for activations in frontoparietal

clusters (dACC: rX.YjZ = .137, p = .512); whereas the load-induced

frontoparietal activations retained significance in this model (fronto-

parietal: rX.YjZ = .488, p = .027).

4 | DISCUSSION

This study investigated working memory ability and neural responses

to increasing working memory load among people with and without

problematic methamphetamine-use experience. Reduced performance

was observed for the MA+ group on a battery of working memory

measures. Examining performance across this battery via a latent

dimension indicated that, compared to MA� participants, the MA+

group exhibited significantly reduced working memory ability. Whole-

brain findings demonstrated load-induced activation differences

between groups primarily emerged in voxel clusters within frontopar-

ietal and default-mode areas. These areas were strongly influenced by

F IGURE 4 Test of maximum network
difference effects. Y-axis reflects combined
changes in frontoparietal and default-mode
cluster activations from 0- to 2-back. Greater
maximum network difference coefficients
indicate larger combined load-induced
increases in frontoparietal activations and
load-induced decreases in default-mode
cluster activations. d = Cohen's d effect size.

*** = p < .001.

F IGURE 5 Activations within network clusters and MA+ Participants' working memory ability. (A) Greater increases in activation within
frontoparietal clusters from 0-back to 2-back was correlated with greater working memory ability (i.e., WML) among MA+ participants. (B) No
significant effect was observed for activations in default-mode clusters on MA+ participants' working memory ability. Shaded areas reflect 95%
confidence bands. Removal of potential leverage point on Y-axes (lowest WML score; �1.62 SD) did not impact the significance of results:
(A) r = .570, p = .003; (B) r = �.374, p = .072.
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working memory load (see the Supplemental Materials), but not group

status alone. Thus, the group activation differences arose within fron-

toparietal and default-mode clusters specifically when the demands

placed upon working memory increased. The hypothesized directional

pattern of load-induced dysfunctions was supported via the maximum

network difference analyses. Specifically, these findings indicated that

the MA+ group exhibited lesser load-induced increases in activations

in frontoparietal clusters and lesser load-induced decreases in activa-

tions in default-mode clusters compared to the MA� group.

Frontoparietal functions support working memory by biasing

information processing toward task-relevant stimuli.43,44 This is typi-

cally antagonistic with default-mode functioning, which is posited to

be involved in more unconstrained or task-irrelevant streams of

thought.24 Thus, when the demands placed upon working memory

increase, both networks are expected to respond, albeit oppositely.

These canonical activation patterns were exemplified by the MA�

group, who exhibited monotonic increases in activations within fron-

toparietal clusters and monotonic decreases in activations within

default-mode clusters as a function of n-back load. The MA+ group,

however, exhibited attenuated load-induced responses in these

areas—with their activations failing to reach the levels of those dem-

onstrated by the MA� group at the highest load. These effects

emerged specifically at the highest n-back load, which intimates

methamphetamine-related dysfunctions in working memory mainte-

nance and updating processes, as opposed to purely attentional/

encoding processes—which were presumably involved across n-back

loads.15 One potential mechanism to support this conclusion involves

dopaminergic functioning, which is downregulated with chronic meth-

amphetamine use.45,46 Specifically, dopaminergic signals communi-

cated through striatocortical circuits are theorized to facilitate

working memory maintenance and updating processes.14,47,48 More-

over, enhancing dopamine availability has been shown to increase

positive activations in some frontoparietal areas and decrease

activations in some default-mode areas as a function of n-back load.49

Thus, it is plausible to speculate that the attenuations of

frontoparietal positive activations and default-mode negative activa-

tions observed specifically during the highest n-back load indicated

methamphetamine-related dysfunction in working memory mainte-

nance and updating processes, driven by downregulation of dopami-

nergic functioning.

The current findings demonstrated that, compared to never-using

people, people who use methamphetamine exhibit load-induced neu-

rofunctional alterations during working memory. To our knowledge,

only one prior study has investigated similar effects.12 Although that

study observed functional connectivity differences between its MUD

and control groups during the n-back task, it did not observe signifi-

cant group effects on neural activations. This discrepancy may relate

to methodological or power differences between that prior study and

the present one. Importantly, however, n-back effects found within

other substance-use groups are broadly consistent with those

observed here.49–51 For instance, one study demonstrated that people

with cocaine use disorder exhibited lesser increases in activations

within frontoparietal areas with increasing load compared to people

without the disorder.49 Another study showed that people with prob-

lematic alcohol-use experience exhibited lesser decreases in activa-

tions within a core default-mode area (i.e., ventromedial prefrontal

cortex) with increasing load compared to those without such experi-

ence.51 Moreover, evidence has accumulated across studies of multi-

ple populations with working memory difficulties showing that these

populations tend to exhibit lesser increases in frontoparietal activa-

tions and/or lesser decreases in default-mode activations in response

to increased working memory load.18,20,23,24

Compared to MA� participants, MA+ participants exhibited atten-

uated load-induced responses in frontoparietal and default-mode clus-

ters. However, only load-induced responses in frontoparietal clusters

demonstrated significant relationships with MA+ participants' working

memory ability. Specifically, MA+ participants exhibiting greater

increases frontoparietal cluster activations from 0- to 2-back condi-

tions had greater WML scores. Conversely, those MA+ participants

exhibiting lesser increases in these activations had lower WML scores.

Supporting the specificity of this brain–behaviour relationship,14,36

even when controlling for activations in default mode or other rele-

vant areas (i.e., dACC), load-induced frontoparietal activations still

retained a significant relationship with the latent working memory

dimension. Critically, this relationship was also retained when control-

ling for demographics, neuropsychological ability, recent methamphet-

amine or other substance use, psychiatric symptoms and other

potential confounds. This suggests that the extent to which frontopar-

ietal regions respond to increasing working memory demands could

serve as a strong and unbiased neural signature of the working mem-

ory difficulties facing people who use methamphetamine.

4.1 | Limitations and future directions

The present findings should be considered in the context of several

limitations. First, this study recruited a community cohort and did not

exclude participants for polysubstance use or psychiatric comorbid-

ities. This was intentional in seeking to discover brain–behaviour

relationships characteristic of the broader population of people using

methamphetamine30—who do not often obtain residential treatment

and are likely to struggle with polysubstance and psychiatric

issues.27–29 Yet, our approach was distinct from most imaging

research on methamphetamine use, which typically studies treatment-

seeking people within residential facilities and also utilizes more

restrictive inclusion criteria to limit variability arising from the recency

of use as well as the influence of other substances or disorders.

Although our findings were not impacted by related factors

(i.e., positive drug screens, 30-day use patterns, current psychiatric

symptoms), replication in controlled environments and within samples

without polysubstance use or psychiatric disorders is needed to

definitively rule out those confounds. Second, and relatedly, between-

group differences were observed in neuropsychological baseline

measures (i.e., IQ, mental status) and educational attainment. While

neither was found to impact our findings, case–control matching on

these factors could be utilized in future work to definitively rule out
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any conceivable impact. Third, MA+ participants excluded via quality-

assurance procedures were more likely to provide a positive urine

screen for methamphetamine and showed worse performance on one

working memory task compared to those who were retained (see the

Supplemental Results). This could indicate that those excluded were

struggling with more severe methamphetamine use and/or greater

working memory difficulties relative to those retained. Thus, it is pos-

sible that the quality-assurance procedures led to an underestimation

of our between-group effects. Fourth, we did not collect peripheral

physiological measures during imaging and, thus, it is also possible

that peripheral noise may have diminished our effects. Finally, our

design was cross-sectional and associational. Therefore, we cannot

distinguish whether the observed working memory reductions and

load-induced neural alterations were the consequences of metham-

phetamine use or whether these existed prior to ever using.

Despite these limitations, our findings are an essential step for

determining neurofunctional foundations of the working memory dif-

ficulties often facing people who use methamphetamine. Yet, clinical

research is still needed to determine whether such findings can pro-

vide translational impact. One focus for future research could be to

determine the extent to which frontoparietal signatures of working

memory ability can predict or improve methamphetamine treatment

outcomes. Evidence is available to support relationships between

working memory performance and methamphetamine treatment

outcomes.3,4,7 Findings from other substance-use populations also

indicate support for leveraging parametric n-back responses from

frontoparietal areas to predict substance-use-treatment outcomes.50

However, it is not yet known whether such frontoparietal responses

are similarly or more effective in predicting treatment outcomes

among people who use methamphetamine. Additionally, it is not

known whether fMRI-based neural signatures, like those determined

here, could be used to improve neurostimulation treatments for

MUD. Leveraging fMRI to target specific neurostimulation sites, dos-

ages and/or prospectively determine a patient's responsiveness has

improved outcomes for other clinical disorders.52 There is growing

recognition of the need for related, precision-neurostimulation

approaches in treating MUD, as well as evidence to suggest that

individual differences in working memory ability may play a role in

the efficacy of these treatments for MUD.7,53 Capitalizing upon fron-

toparietal signatures of working memory ability to calibrate neurosti-

mulation dosages or prospectively predict a patient's responsiveness

may afford future trials the means to improve these treatments for

people with MUD.

4.2 | Conclusions

People with recent problematic methamphetamine-use experience had

reduced working memory ability compared to those who never used

methamphetamine. Those reductions co-occurred with attenuated

responses in frontoparietal and default-mode areas to increasing

working memory load. Load-induced frontoparietal responses were

uniquely related to individual differences in working ability among

people with problematic methamphetamine-use experience. Specifi-

cally, those exhibiting greater increases in activations in these areas

from the lowest- to the highest-load conditions also had greater work-

ing memory ability. Thus, those exhibiting lesser activations across

these conditions also had lower working memory ability. With current

treatments seeking to target working memory and its fundamental

neural substrates,4–6 the link provided here between working memory

difficulties and frontoparietal dysfunctions could prove fruitful for

optimizing these or related treatments for methamphetamine use

disorder.
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