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Abstract

Recent innovations in Functional Magnetic Resonance Imaging (FMRI) have sped data collection 

by enabling simultaneous scans of neural activity in multiple brain locations, but have these 

innovations come at a cost? In a meta-analysis and preregistered direct comparison of original 

data, we examined whether acquiring FMRI data with multi-band versus single-band scanning 

protocols might compromise detection of mesolimbic activity during reward processing. Meta

analytic results (n = 44 studies; cumulative n = 5005 subjects) indicated that relative to single-band 

scans, multi-band scans showed significantly decreased effect sizes for reward anticipation in 

the Nucleus Accumbens (NAcc) by more than half. Direct within-subject comparison of single

band versus multi-band scanning data (multi-band factors = 4 and 8; n = 12 subjects) acquired 

during repeated administration of the Monetary Incentive Delay task indicated that reductions in 

temporal signal-to-noise ratio could account for compromised detection of task-related responses 

in mesolimbic regions (i.e., the NAcc). Together, these findings imply that researchers should 

opt for single-band over multi-band scanning protocols when probing mesolimbic responses with 

FMRI. The findings also have implications for inferring mesolimbic activity during related tasks 

and rest, for summarizing historical results, and for using neuroimaging data to track individual 

differences in reward-related brain activity.
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1. Introduction

During the first two decades of the twenty-first century, Functional Magnetic Resonance 

Imaging (FMRI) revolutionized cognitive neuroscience (Poldrack, 2012). For the first time, 

researchers could acquire measures of whole brain neural activity (in the form of Blood 

Oxygen Level Dependent or BOLD activity) at a spatial scale of millimeters and a temporal 

scale of seconds. This allowed investigators to probe not only neural correlates of sensory 

and motor processing in living humans, but also diverse intermediate brain processes related 

to thought and emotion (Rosen and Savoy, 2012). With respect to emotion, FMRI evidence 

now supports a substantial literature indicating that subcortical circuits play a central role 

in human reward processing for basic rewards (e.g., juice) as well as more abstract rewards 

(e.g., money). Different subregions of these neural circuits respond to reward anticipation 

as well as receipt (Knutson and Cooper, 2005). Using parametric probe tasks, researchers 

have localized neural activity that scales not only as a function of sensorimotor stimulation, 

but also as a function of reward magnitude and probability (Knutson et al., 2005; Yacubian 

et al., 2006). Meta-analyses of hundreds of FMRI studies now indicate that while reward 

processing engages diverse circuits, the ventral striatum including the Nucleus Accumbens 

(NAcc) as well as the Medial PreFrontal Cortex (MPFC), are among those regions most 

likely to show correlated activity (Bartra et al., 2013; Clithero and Rangel, 2014; Knutson 

and Greer, 2008).

More recently, however, researchers have raised concerns about the robustness and 

replicability of task-related FMRI findings. These concerns have focused on a number 

of issues including inadequate power (Button et al., 2013), statistical inflation (Vul et 

al., 2009), temporal instability (Elliott et al., 2020), and analytic inconsistency (Botvinik

Nezer et al., 2020). Although these issues might have arisen from problems related to 

study design, analysis, or interpretation, more technical factors related to data acquisition 

have concurrently changed but have received less scrutiny. For instance, to acquire data 

more rapidly, researchers have begun to scan brain images simultaneously at different 

locations (i.e., using multi-band simultaneous slice excitation protocols, hereafter referred 

to as “multi-band” scans), rather than sequentially and individually (i.e., using single-band 

individual slice excitation protocols, hereafter referred to as “single-band” scans; Moeller 

et al., 2010). Multi-band scans confer a significant benefit of yielding the same amount of 

data in a fraction of the time required by single-band scans. Multi-band scans may, however, 

incur hidden costs. Despite not diminishing signal-to-noise ratio in cortical regions, multi

band scanning may induce noise in subcortical regions (Todd et al., 2017). For instance, 

multi-band scanning can substantially increase noise in the subcortical activity of individuals 

at rest (Risk et al., 2018, 2021), as well as during execution of sensorimotor and cognitive 

tasks (Demetriou et al., 2018; Todd et al., 2017).
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Since reward responses robustly recruit subcortical as well as cortical circuits, we sought to 

determine whether multi-band versus single-band scanning might systematically influence 

FMRI detection of neural responses to reward. To do so, we first meta-analyzed the past 

decade of FMRI findings (i.e., from 2010 to 2020) elicited by a reliable and valid probe 

of reward processing: the Monetary Incentive Delay or MID task (Knutson et al., 2001; 

Wu et al., 2014). We specifically aimed to compare responses in the NAcc during reward 

anticipation and in the MPFC to reward outcomes across studies utilizing single-band versus 

multi-band scanning protocols.

Next, to reproduce and diagnose potential problems while controlling for possible 

confounds, we acquired and directly compared MID task data from the same subjects, 

scanner, and site. Scans used a common protocol which varied only with respect to the speed 

of image acquisition, coverage, and associated flip angle (i.e., with Multi-Band factors: MB 

= 1, 4, or 8; Table 1). Analyses focused on raw averaged neural activity extracted from 

NAcc and MPFC volumes of interest as well as on modeled activity across the entire brain. 

Based on previous resting state (Risk et al., 2018) and task-related (Demetriou et al., 2018; 

Todd et al., 2017) findings, we predicted that multi-band versus single-band scanning might 

compromise detection of reward-related FMRI activity by inducing noise near the center of 

the brain.

2. Methods

2.1. Meta-analysis of historical data

To survey the neuroimaging literature for historical evidence that multi-band scanning might 

have compromised detection of reward-related responses, we conducted a meta-analysis of 

Volume Of Interest (VOI) FMRI data collected as subjects participated in the MID task. 

Data came from literature searches using Google Scholar and PubMed for studies published 

between 2010 and 2020 that used the terms “Monetary Incentive Delay Task AND FMRI”. 

Single-band and multi-band FMRI studies of healthy adults and/or adolescents were selected 

if they contrasted gain versus nongain anticipation, and a subset of these studies also 

contrasted gain versus nongain outcomes. In studies with both healthy and clinical samples, 

only peak activation values from the healthy samples were included in the analysis. Key 

exclusion criteria included unpublished preprints (unless the number of subjects exceeded 

100), studies that included subjects under twelve years old, functional connectivity studies, 

and studies using dynamic tasks that required updating of expectations (Table S1 lists 

excluded studies along with reasons for exclusion). The meta-analysis focused on whether 

detection of neural responses during gain anticipation in the Nucleus Accumbens (NAcc) 

and gain outcomes in the Medial PreFrontal Cortex (MPFC) was compromised in studies 

using multi-band versus single-band scanning.

For meta-analysis, forest plots facilitated direct comparison of reward-related responses 

(i.e., effect sizes (Cohen’s d) and standard errors) for single-band versus multi-band studies 

(Radua et al., 2015; Viechtbauer, 2010). Funnel plots then probed for publication bias across 

these subsets of studies (Egger et al., 1997) using a fixed effects model (R package ‘metafor; 
Viechtbauer, 2010). Finally, other variables that correlated with reward-related responses 

were identified (i.e., subject age, publication date, sample size, flip angle) and included 
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in a multivariate ANalysis Of COVAriance (ANCOVA) to verify the independence and 

robustness of single-band versus multi-band scanning as a predictor of neural responses to 

reward.

2.2. Direct comparison of original data

Following meta-analysis, we sought to reproduce and diagnose potential problems by 

acquiring and comparing data using three scanning protocols that varied with respect to 

multi-band factor (i.e., MB1, MB4, MB8; Table 1). Analyses aimed to localize potential 

problems in space (i.e., neural location) as well as in time (i.e., during the task versus 

throughout the entire scan). To control for order effects, subjects completed three runs of 

the MID task, with the order of the three multi-band factor scans counterbalanced across 

subjects. To control for subject, scanner, and site, each subject completed all three scan 

protocols within the same session. All data were preprocessed and analyzed using the 

same pipelines. The study was approved by the Institutional Review Board of the Stanford 

University School of Medicine, and all subjects provided written informed consent prior to 

participating in the study.

2.2.1. Subjects—Preregistered power analysis indicated that for a within-subject 

comparison, 6 subjects should yield adequate power to detect an effect of multi-band 

acquisition on the gain versus nongain anticipation contrast in the NAcc during the MID task 

(g*power 3.1.9.2; beta=0.95, alpha=0.05, two-tailed, paired, d = 1.97; Wu et al., 2014). As 

planned in the preregistration, we doubled this sample size to guard against the possibility of 

a smaller effect size (n = 12; between-subjects). Nineteen subjects completed the MID task 

while being scanned with a multi-band acquisition protocol. According to the preregistered 

exclusion criteria, data from three subjects were excluded due to excessive motion during 

at least one of the three task runs, while data from four subjects were excluded due to 

equipment failure (i.e., faulty response registration by a new button box), leaving twelve 

subjects total for analyses.

2.2.2. Task—The MID task was identical across all three runs. The six task trial 

conditions included: + $5.00 (‘large gain’); +$1.00 (‘medium gain’); +$0.00 (‘nongain’); 

−$5.00 (‘large loss’); −$1.00 (‘medium loss’); and −$0.00 (‘nonloss’) trials. Each trial 

condition was repeated 12 times in a pseudorandom order, totaling 72 trials. Trial timing 

was as follows: cue presentation (seconds 0–2); anticipatory fixation (seconds 2–4); target 

presentation (appearing briefly between seconds 4–4.5); outcome presentation (seconds 6–

8); and a variable Inter-Trial Interval (ITI lasting 2, 4, or 6 s). Thus, each trial lasted an 

average of 12 s (including the ITI). Adaptive timing of target duration within condition 

ensured that subjects succeeded in “hitting” targets on approximately 66% of the trials 

(Knutson et al., 2005). Thus, each MID task run lasted 864 total seconds (approximately 

14.4 min), and all three runs were acquired during a single session, but with counterbalanced 

ordering across subjects.

2.2.3. FMRI acquisition—All data were acquired on a 3 Tesla General Electric scanner 

with a 32-channel head coil at the Stanford Center for Cognitive and Neurobiological 

Imaging (CNI). Structural (T1-weighted) scans were first acquired for all participants. 
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Functional (T2-weighted) images for single-band and multi-band scans were then acquired 

using the following common parameters: TE=25 ms, FOV=23.8 × 23.8 cm; acquisition 

matrix=70 × 70, no gap, phase encoding=PA, voxel dimensions=3.4 × 3.4 × 3.4 mm. 

Additional parameters that varied between scanning protocols included: (1) multi-band 

factor=1, TR=2000 msec, flip angle=77°, number of slices=41; (2) multi-band factor=4, 

TR=500 msec, flip angle=42°, number of slices=32; (3) multi-band factor=8, TR=500 msec, 

flip angle=42°, number of slices=41. All FMRI data were reconstructed using 1D-GRAPPA 

(Blaimer et al., 2013).

2.2.4. Data preprocessing—Data were analyzed with AFNI software (Cox, 1996). 

After removal of initial calibration volumes (12 s, i.e., 6 vol for MB1 and 24 vol for MB4 

and MB8 scans) from each FMRI scan, the following pre-processing steps were performed: 

(1) slice-timing correction using sync interpolation; (2) motion correction; (3) spatial 

smoothing (with a 4 mm full-width at half maximum Gaussian kernel; Sacchet and Knutson, 

2013); (4) conversion of each voxel’s time series to percent signal change over each run; (5) 

application of a high-pass filter (removing frequencies below 1 cycle / 90 s or 0.011 Hz). In 

a supplementary analysis comparing potential effects of temporal smoothing, we applied a 

band-pass filter with the same high-pass parameters, but varying low-pass parameters (0.25, 

0.20, or 0.15 Hz). Affine transformation matrices were then estimated to align functional 

data to anatomical scans in native space and anatomical scans in individual space to standard 

group space. These transformations were concatenated and used to transform functional 

data into a standard group space (i.e., Montreal Neurological Institute or MNI coordinates). 

Functional data were subsequently visualized in standard space to ensure adequate co

registration (using the MNI anatomical template “mni_icbm152_t1_tal_nlin_asym_09a”).

2.2.5. Data analysis—All functional data were extracted and plotted from five predicted 

Volumes Of Interest (VOIs): bilateral Nucleus Accumbens (NAcc; CIT168 subcortical atlas; 

Pauli et al., 2018), bilateral Anterior Insula (AIns; Brainnetome atlas labels 167 & 168; Fan 

et al., 2016), bilateral Medial PreFrontal Cortex (MPFC; 8-mm diameter spheres centered 

on MNI: ±5, 50, −1; Knutson et al., 2003), bilateral Primary Visual Cortex (V1; HCP 

MMP 1.0; Glasser et al., 2016), and left Primary Motor Cortex (M1; AFNI’s TT_Daemon 

left Precentral Gyrus, transformed to MNI space). Activity from these VOIs was spatially 

averaged within subject for each task condition, averaged across subjects, and plotted with 

the standard error for each group for large gain (+$5.00) and loss (−$5.00) trials as well 

as for non-incentive trials (+$0.00, −$0.00). Trials were separately averaged as a function 

of whether subjects “hit” or “missed” the target. Consistent with preregistered criteria, 

brain volumes with excessive motion were excluded (i.e., > 1 mm displacement from 

one volume acquisition to the next; determined by derivative measures generated by the 

motion correction algorithm). Values exceeding three standard deviations were also excluded 

from further analyses. All contrasts from the anticipation period were derived by averaging 

across time points corresponding to a 4 s anticipation phase (i.e., cue and anticipatory 

fixation period lasting seconds 0–4 after trial onset) after accounting for a 6 s hemodynamic 

lag. Contrasts from the outcome period were derived similarly, but averaged time points 

corresponding to the 2 s outcome phase (i.e., lasting seconds 6–8 after trial onset).
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Each subject’s whole brain preprocessed functional data were submitted to a generalized 

linear regression model including the following four orthogonal regressors of interest: (1) 

gain (+$5.00) vs. nongain (+$0.00) anticipation (including both cue and anticipatory fixation 

period); (2) gain (+$5.00) vs. nongain (+$0.00) outcome; (3) loss (−$5.00) vs. nonloss 

(−$0.00) anticipation; and (4) nonloss (−$0.00) vs. loss (−$5.00) outcome (Knutson et al., 

2003). This regression model also included two unit regressors highlighting anticipation 

and outcome phases of each trial, six motion parameters to control for motion effects, and 

average activity from cerebrospinal fluid and white matter VOIs to control for physiological 

noise (Chang and Glover, 2009). Model regressors were convolved with a single gamma 

hemodynamic response function prior to inclusion in the regression model (Cohen, 1997). 

To account for fast sampling rates in the multi-band data, we additionally implemented the 

same temporal autocorrelation algorithm across all acquisition protocols (i.e., generalized 

least square time series fit with restricted maximum likelihood estimation of the temporal 

auto-correlation structure using AFNI’s 3dREMLfit). Multiple regression models first 

fitted each subject’s data in their native space. Maps of resulting t-statistics were then 

converted into Z-scores and warped into standard (MNI) space prior to group comparisons. 

Within-subject group analyses were subsequently conducted using a mixed effects model 

with multi-band factor as a fixed effect and subjects as random effects (with AFNI’s 

3dANOVA2).

To obtain whole-brain measures of signal and noise in the minimally preprocessed 

(including slice-timing correction, motion correction, and slight spatial smoothing) 

unmodeled data, we calculated the average, standard deviation, and Temporal Signal-to

Noise Ratio (TSNR) of the timeseries over the first 100 vol of each functional scan 

(Chen and Glover, 2015; Demetriou et al., 2018). An additional TSNR calculation involved 

downsampling all volumes from the multi-band scans acquired every half second (by 

averaging every four volumes) to the same temporal resolution as single-band scans acquired 

every two seconds (Todd et al., 2017). Prior to group-level analysis, preprocessed data were 

warped into standard (MNI) space. As with task-based analyses, whole-brain within-subject 

group comparisons were implemented using a mixed effects model with multi-band factor as 

a fixed effect and subjects as random effects.

3. Results

3.1. Meta-analysis of historical data

Meta-analyses targeted MID task contrasts of interest in predicted VOIs (i.e., gain versus 

nongain anticipation in the NAcc and gain versus nongain outcome in the MPFC) (Knutson 

and Greer, 2008) for studies published from 2010 to 2020 (n = 44 studies; cumulative n 
= 5005 subjects; Table 2). Standard error values were calculated by dividing the standard 

deviation (i.e., 1 for standardized scores) by the square root of the sample size.

In direct comparisons, forest plots indicated that although both single-band and multi-band 

effect sizes robustly exceeded a null effect (i.e., d = 0), their magnitudes also differed 

(Fig. 1). Specifically, gain versus nongain anticipation contrasts in the NAcc all showed 

robust effect sizes, ranging from “large” to “huge ” (Cohen, 1992), but peak NAcc responses 

for gain versus nongain anticipation contrasts in single-band studies (weighted mean d = 
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2.39) were significantly larger than those in multi-band studies (weighted mean d = 0.64; 

t(42)=4.16, p<0.001). Similarly, peak MPFC responses for gain versus nongain outcomes 

in single-band studies (weighted mean d = 1.47) were larger than in the multi-band study 

(single study d = 0.44). Thus, single-band effect sizes were at least three times as large as 

multi-band effect sizes.

Next, we examined whether these differences might be attributable to a publication bias 

favoring significant effects in single-band studies. Funnel plots indicated that for the peak 

NAcc gain versus nongain anticipation contrasts, single-band studies showed less (rather 

than more) evidence of publication bias than did multi-band studies (i.e., fewer studies to 

the right of the funnel; Fig. 2). Quantitative comparison of the association of effect size with 

standard error (Egger et al., 1997) revealed that although single-band studies showed some 

evidence of association (z = 2.64, p = 0.0083), multi-band studies showed even stronger 

evidence (z = 5.64, p<0.0001), and that the difference between multi-band and single-band 

associations was significant (z = 3.00, p<0.01). Since these tests suggested that publication 

bias was larger (rather than smaller) for multi-band studies, selection effects could not 

account for the smaller effect sizes observed in multi-band studies.

Multivariate statistical tests further confirmed the robustness of these findings against 

potential confounds. Specifically, peak NAcc responses to gain versus nongain anticipation 

did not significantly differ as a function of scanner brand (Siemens d = 2.38±0.18 versus GE 

d = 2.45±0.24 versus Philips d = 2.34±0.45, F(2,41)=2.15, p = 0.13) or field strength (1.5 

T d = 2.46±0.16 versus 3.0 T d = 2.38±0.17, t(42)=0.25, p = 0.80). Statistical comparisons 

of the localization of peak coordinates further indicated that activation foci did not shift as a 

function of slice acquisition protocol (e.g., Sacchet and Knutson 2013). Specifically, for the 

gain versus nongain contrast in the ventral striatum, peak coordinates for single-band versus 

multi-band studies did not differ in x (t(42)=0.67, p = 0. 51), y (t(42)=−0.22, p = 0. 83), or z 

(t(42)=−0.73, p = 0.47) coordinates.

Statistical comparisons did, however, reveal some predicted but distinct effects. For instance, 

adolescent versus adult samples trended towards showing reduced NAcc gain versus 

nongain anticipation contrast peaks (adolescent d = 1.90±0.41 versus adult d = 2.51±0.13, 

t(42)=1.80; p = 0.08), consistent with previous developmental comparisons using the MID 

task (e.g., Bjork et al. 2004). Separate regression analyses also confirmed that increases 

in publication date (standardized (std.) r=−0.42; t(42)=−2.98, p = 0.005) and number of 

subjects (std. r=−0.31; t(42)=−2.14, p = 0.038) were associated with decreased effect 

sizes, but that image acquisition flip angle (std. r = 0.36; t(42)=2.50, p = 0. 016) was 

associated with increased effect sizes. Voxel size, however, was not significantly associated 

with effect sizes as expected (std. r=−0.03; t(42)=−1.16, p = 0.252). Next, potentially 

correlated confounds (i.e., subject age, publication date, sample size, and flip angle) were 

included in a multivariate analysis to verify the robustness of the association of single-band 

versus multi-band scanning with effect size. An ANalysis of COVAriance (ANCOVA) which 

included all of these correlated variables revealed that only variation in single-band versus 

multi-band scanning continued to be associated with NAcc response during gain versus 

nongain anticipation (F(1,37)=7.68, p = 0.009; Table 3). Within multi-band studies (n = 9), 

the association of multi-band factor with NAcc gain versus nongain effect size was negative 
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as predicted, but not significant (r(9) =−0.40, p = 0.28), possibly due to the small number 

of multi-band studies available for analysis (Todd et al., 2017). An insufficient number 

of available studies including the gain versus nongain outcome contrast precluded parallel 

meta-analysis of gain outcome findings.

Together, meta-analytic findings implied that use of multi-band versus single-band scans 

can compromise detection of brain responses to reward anticipation and possibly outcomes. 

The substantial decrement (of over half) in effect sizes was not attributable to potential 

confounds (e.g., scanner brand or field strength) or other correlated variables (e.g., subject 

age, publication date, sample size, flip angle).

3.2. Direct comparison of original data

Although the meta-analysis indicated that multi-band scanning might compromise detection 

of reward-related activity, reasons for this compromise remained unclear. For instance, the 

findings did not clarify whether the problem resulted from decreased signal or increased 

noise and could not elucidate whether the problem was localized in space (e.g., influencing 

activity in the center of the brain more than the periphery) or time (e.g., occurring 

throughout the scan or only during particular task conditions). Thus, we sought to reproduce 

and diagnose the problem by directly comparing original MID task data acquired with 

single-band and multi-band scanning protocols. To test the critical hypotheses, activity time 

course data were extracted from predicted VOIs, as well as from sensory and motor (i.e., V1 

and left M1) control VOIs (see Fig. 3). Whole-brain analyses further contrasted statistical 

estimates of both task-independent and task-dependent signal and noise (see Fig. 4).

As in meta-analytic findings, group contrasts revealed large or huge effect sizes for gain 

versus nongain anticipation contrasts in the NAcc VOI for single-band data, but significantly 

reduced effect sizes for multi-band scans (single-band: d = 1.98, SEM=0.11; MB4: d = 1.77, 

SEM=0.08; MB8: d = 1.21, SEM=0.05; std. ß=−3.00, p = 0.004). The effect size for gain 

versus nongain outcome contrasts in the MPFC VOI was also slightly higher for single-band 

than for multi-band scans, but this difference was not significant (single-band: d = 1.44, 

SEM=0.13, MB4: d = 1.09, SEM=0.15; MB8: d = 0.88, SEM=0.18; std. ß=−0.37, p = 0.70). 

Previous research using the MID task has also documented significant AIns, V1, and M1 

responses during gain versus nongain anticipation (e.g., Knutson et al. 2003). These control 

VOIs yielded large effect sizes which did not significantly differ between single-band and 

multi-band scans (Fig. 3; all ds> 1.5, all std. ß values<1.82, all p-values >0.05). Statistical 

tests also controlled for within-subject order effects of acquisition protocols and revealed 

no significant effects of order on brain activity, except for the AIns VOI (std. ß=2.44, p 
= 0.016, all std. ß values for other VOIs <1.26, all other p-values >0.20). Together, these 

findings suggest spatial specificity, since multi-band versus single-band scans compromised 

detection of reward-related activity in mesolimbic regions of interest (e.g., near the NAcc), 

but not in regions closer to the edge of the brain (e.g., V1 and M1; which lie closer to the 

radiofrequency coils).

While visual inspection of the single-band activity time courses revealed the predicted 

increases in activity in the NAcc and AIns (as well as in primary visual and motor cortices) 

during gain versus nongain anticipation, and also in MPFC activity in response to gain 
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versus nongain outcomes (e.g., Wu et al. 2014), high frequency oscillatory activity in the 

mesolimbic VOIs was also apparent (Fig. 3B). Inspection of periodograms of these regions’ 

activity confirmed a frequency peak around 1 Hz, (Supplemental Fig. S1). To explore 

whether temporal filtering of these frequencies could reduce NAcc noise in multi-band 

scans, we applied low-pass temporal filters (of 0.25, 0.20, and 0.15 Hz) to the data (Fig. 

S2). Subsequent analyses revealed, however, that low-pass filtering had no significant effect 

on findings in any region (all std. ßs < 0.33, all p-values > 0.70). Instead, scan sequence 

continued to exert a main effect on NAcc (std. ß=−3.07, p = 0.002) as well as V1 (std. 
ß=−;2.66, p = 0.008) activity (Fig. S3).

To diagnose the spatial and temporal specificity of the findings, signal and noise indices 

were compared in both unmodeled and modeled data. First, the mean, standard deviation, 

and Temporal Signal-to-Noise Ratio (TSNR) of the unmodeled activity timeseries in each 

of the functional scans were calculated. Next, coefficients for the gain versus nongain 

anticipation contrast and the standard deviation of the regression residuals were calculated 

(Fig. 4). While both the mean and standard deviation of the raw signal were lower across 

the whole brain in the multi-band data, TSNR (calculated as the ratio of the mean over 

standard deviation over the first 100 vol (Demetriou et al., 2018; Fig. 4) or per unit time 

(in two second increments; Todd et al., 2016; Fig. S4) was specifically lower in subcortical 

regions that overlapped with the mesolimbic VOIs. In the modeled multi-band scan data, 

gain versus nongain anticipation contrast coefficients were not significantly lower in the 

NAcc but the standard deviation of task fit residuals was larger, particularly in mesolimbic 

regions. As with activity time course plots, these analyses suggested that model-independent 

noise in mesolimbic regions might compromise detection of reward-related FMRI activity in 

multi-band scans.

Finally, a mediation analysis tested whether overall TSNR might statistically mediate the 

influence of multi-band acquisition on reward-related activity in the NAcc. A linear mixed 

effects regression on NAcc gain versus nongain activity included spatially averaged TSNR 

in the NAcc VOI as a mediator, with multi-band factor and order as fixed effects and 

subjects as random intercepts. Multi-band factor was associated with decreased effect size 

for NAcc gain versus nongain anticipation (std.ß=−3.25, p<0.007) as well as with decreased 

NAcc TSNR (std. ß=−7.48, p<0.00001). Further, NAcc TSNR was positively associated 

with NAcc gain versus nongain anticipation effect size (std. ß=4.25, p<0.001). After 

statistically controlling for TSNR, the association between multi-band factor and NAcc 

gain versus nongain anticipation effect size was significantly diminished (std. ß=−3.25, 

p<0.002) and rendered nonsignificant. A bootstrapped causal mediation model with 3000 

simulations (R package ‘mediation 4.5.0′; Tingley et al., 2014) revealed that NAcc TSNR 

could fully mediate the association between multi-band factor and NAcc gain versus nongain 

anticipation effect size (average causal mediation effect: ß=−0.046, p = 0.017, 95% quasi

Bayesian Confidence Interval [−0.09, −0.01]), with the mediator accounting for 88.54% of 

the total effect (Fig. 5). Similar mediation results held using a different calculation of TSNR 

per unit time (Fig. S5).
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4. Discussion

In a meta-analysis of historical data as well as in a preregistered analysis of original data, 

we compared the influence of single-band versus multi-band FMRI scanning protocols on 

the detectability of reward-related brain activity. Meta-analytic results indicated that relative 

to single-band scans, multi-band scans compromised detection of mesolimbic activity during 

reward anticipation. This compromise was not associated with other potential confounds 

(e.g., scanner brand or field strength), and could not be attributed to other covarying factors 

(e.g., subject age, publication date, sample size, or flip angle). While this compromise may 

worsen as a function of the strength of multi-band factor within multi-band protocols (e.g., 

Demetriou et al. 2018 and Todd et al. 2017), not enough studies were available to directly 

test this association.

Direct comparison of single- versus multi-band FMRI datasets acquired in the same subjects 

during the same session on the same scanner provided further evidence that multi-band 

scanning compromised detection of reward-related mesolimbic activity. This compromise 

appeared most clearly in the center of the brain and was mediated by increased temporal 

noise throughout the scan, consistent with earlier research (Risk et al., 2018; Todd et al., 

2017). Prior investigators have attributed multi-band induced signal compromise to two 

sources: (1) decreased longitudinal signal associated with faster volume acquisitions and 

echo times; and (2) increased high frequency thermal noise amplified by geometric factors 

in regions with overlapping stimulation (Todd et al., 2017). In the current research, signal 

compromise could not be attributed to decreased longitudinal magnetization, since the time 

to acquire images and echo time did not differ between the two multi-band factor scan 

protocols (Table 1), yet the higher multi-band factor scan showed more compromise than 

the lower. Instead, the subcortical localization of baseline noise (Fig. 4) and mediation 

of multi-band induced NAcc signal compromise by TSNR throughout the scan (Fig. 5) 

point to geometric factor induced noise as the most likely culprit. Although temporal 

filtering smoothed the appearance of activity time courses, it could not rescue decrements in 

detectability associated with multi-band scanning (Risk et al., 2021).

While previous studies have examined the impact of multi-band scans on FMRI data in 

humans at rest (Risk et al., 2018, 2021) and during sensorimotor and cognitive tasks 

(Demetriou et al., 2018; Todd et al., 2017), this study specifically focused on the influence 

of multi-band scanning on FMRI responses during a reward task (Knutson et al., 2001). 

Just as FMRI vision processing localizer tasks can reliably recruit primary visual cortical 

responses, reward processing localizer tasks can consistently recruit mesolimbic responses 

(i.e., the NAcc and MPFC) (Bartra et al., 2013; Clithero and Rangel, 2014; Knutson and 

Greer, 2008). The MID task selectively and reliably activates these mesolimbic brain regions 

during anticipation and receipt of monetary rewards (Wu et al., 2014), and this activity 

has demonstrated validity with respect to predicting healthy decision-making (Knutson and 

Stallen, 2018), as well as psychiatric symptoms (Knutson and Heinz, 2015). Together, these 

findings point to a literal hole in recent multi-band neuroimaging research, a hole which lies 

at the center of the brain. Thus, the findings have implications for investigators who seek 

to study value-based choice in the context of healthy decision-making, as well as for those 
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who wish to measure neural markers of individual differences in affect and motivation in the 

context of psychiatric symptoms.

Strengths of this research include elicitation of robust neural responses to reward 

probes, control for potential confounds (e.g., scanner brand, field strength, task, time of 

measurement, between-subject variability), preregistration of predictions and power, and 

convergence of findings across meta-analysis of historical findings as well as analysis of 

original data. Potential limitations include too few studies in the meta-analysis to statistically 

compare the influence of different multi-band scan protocols on detection of responses to 

gain versus nongain outcomes in the frontal cortex or to compare the influence of increasing 

multi-band factors (although earlier work has documented multiband-induced reductions 

in task-related signal in the MPFC; Risk et al., 2018). While the direct comparison of 

original data required a relatively small sample size (n = 12), meta-analysis supported 

the sample’s adequacy, consistent with large effect sizes typically observed in the NAcc 

for the gain versus nongain anticipation contrast (e.g., weighted effect size average of 

2.4 for single-band data) as well as with the preregistered power analyses. Although this 

research specifically focused on the MID task, given its robust elicitation of mesolimbic 

activity, findings should generalize to other tasks that reliably recruit mesolimbic activity. 

The mediating role of baseline temporal signal-to-noise ratio suggests that compromised 

detection of mesolimbic activity should not be limited to task-related FMRI (Demetriou et 

al., 2018; Todd et al., 2017), and may also extend to activity during rest (Risk et al., 2018). 

Indeed, a comprehensive recent comparison revealed artifacts in the center of the brain at 

rest, leading the investigators to caution that multi-band scanning protocols might obscure 

subcortical activity (Risk et al., 2021).

With respect to clinical applications, researchers have sought to use FMRI activity in 

mesolimbic regions (associated with both tasks and rest) to index individual differences. 

The validity of these measures as indices of experience or behavior is bounded by their 

reliability (Knutson and Heinz, 2015). Studies of development and psychiatric symptoms 

have used tasks designed to probe mesolimbic responses to index individual differences, 

and some research using these tasks has acquired data with multi-band scanning protocols. 

For example, several large longitudinal studies have adopted multi-band scanning protocols 

(e.g., the Human Connectome Project (HCP; Van Essen et al., 2013), the Adolescent Brain 

Cognitive Development (ABCD) Study (Casey et al., 2018), and the Dunedin Study (Caspi 

et al., 2020)), which may compromise researchers’ ability to reliably measure and track 

individual differences in mesolimbic activity. Further, switching from single-band to multi

band scanning during a study with repeated measures might also compromise reliability 

(Elliott et al., 2020).

If multi-band scans compromise FMRI assessment of mesolimbic activity, how can 

researchers address this issue? Those who have not begun to collect data might initially 

opt for single-band over multi-band scanning protocols (or minimally, multi-band protocols 

with low multi-band factors). But if data have already been collected, researchers might at 

least diagnose problems by probing mesolimbic reward responses with a reliable task and 

then visualizing activity time courses to check for high frequency noise. Raw activity from 

mesolimbic regions could also be probed for evidence of high frequency oscillatory activity 
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(e.g., with periodograms) or low temporal signal-to-noise ratio. The benefits of ensuring 

adequate temporal signal to noise ratio could be substantial, since the current findings 

suggest that opting for single-band instead of multi-band scans might increase statistical 

power, which could substantially reduce the number of subjects or scanning time required 

to achieve statistical significance. On the one hand, these findings offer good news by 

reinforcing the power, stability, and robustness of earlier FMRI findings related to reward 

processing. On the other hand, these results suggest caution in interpreting more recent 

findings acquired with rapid acquisition methods, and imply that the benefits of increased 

speed might come at a cost of lost signal.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Dylan Christiano and Kelly MacNiven for assistance with data collection and analysis, as well as 
Russell Poldrack, Tom Schonberg, Essa Yacoub, Hua Wu, Adam Kerr, Spanlab, and three anonymous reviewers for 
feedback on previous drafts. This work was supported by a Neurochoice Initiative Big Ideas grant from Stanford’s 
Wu Tsai Neurosciences Institute, as well as a National Institute of Health Grant 5P50DA04201205 to BK.

References

Bartra O, McGuire JT, Kable JW, 2013. The valuation system: a coordinate-based meta-analysis of 
BOLD fMRI experiments examining neural correlates of subjective value. Neuroimage 76, 412–
427. doi:10.1016/j.neuroimage.2013.02.063. [PubMed: 23507394] 

Behan B, Stone A, Garavan H, 2015. Right prefrontal and ventral striatum interactions underlying 
impulsive choice and impulsive responding. Hum. Brain Mapp 36, 187–198. doi:10.1002/
hbm.22621. [PubMed: 25158155] 

Bjork JM, Knutson B, Fong GW, Caggiano DM, Bennett SM, Hommer DW, 2004. Incentive-elicited 
brain activation in adolescents: similarities and differences from young adults. J. Neurosci 24, 
1793–1802. doi:10.1523/JNEUROSCI.4862-03.2004. [PubMed: 14985419] 

Bjork JM, Smith AR, Chen G, Hommer DW, 2010. Adolescents, adults and rewards: 
comparing motivational neurocircuitry recruitment using fMRI. PLoS One 5. doi:10.1371/
journal.pone.0011440.

Bjork JM, Smith AR, Chen G, Hommer DW, 2012. Mesolimbic recruitment by non-drug rewards 
in detoxified alcoholics: effort anticipation, reward anticipation, and reward delivery. Hum. Brain 
Mapp 33, 2174. doi:10.1002/HBM.21351. [PubMed: 22281932] 

Blaimer M, Choli M, Jakob PM, Griswold MA, Breuer FA, 2013. Multiband phase-constrained 
parallel MRI. Magn. Reson. Med 69, 974–980. doi:10.1002/mrm.24685. [PubMed: 23440994] 

Botvinik-Nezer R, Holzmeister F, Camerer CF, Dreber A, Huber J, Johannesson M, Kirchler M, Iwanir 
R, Mumford JA, Adcock RA, 2020. Variability in the analysis of a single neuroimaging dataset by 
many teams. Nature 582, 84–88. [PubMed: 32483374] 

Bustamante JC, Barrõs-Loscertales A, Costumero V, Fuentes-Claramonte P, Rosell-Negre P, Ventura
Campos N, Llopis JJ, Ávila C, 2014. Abstinence duration modulates striatal functioning during 
monetary reward processing in cocaine patients. Addict. Biol 19, 885–894. doi:10.1111/adb.12041. 
[PubMed: 23445167] 

Button KS, Ioannidis JPA, Mokrysz C, Nosek BA, Flint J, Robinson ESJ, Munafò MR, 2013. Power 
failure: why small sample size undermines the reliability of neuroscience. Nat. Rev. Neurosci 14, 
365–376. doi:10.1038/nrn3475. [PubMed: 23571845] 

Cao Z, Bennett M, Orr C, Icke I, Banaschewski T, Barker GJ, Bokde ALW, Bromberg U, Büchel 
C, Quinlan EB, Desrivières S, Flor H, Frouin V, Garavan H, Gowland P, Heinz A, Ittermann 

Srirangarajan et al. Page 12

Neuroimage. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



B, Martinot JL, Nees F, Orfanos DP, Paus T, Poustka L, Hohmann S, Fröhner JH, Smolka 
MN, Walter H, Schumann G, Whelan R, 2019. Mapping adolescent reward anticipation, receipt, 
and prediction error during the monetary incentive delay task. Hum. Brain Mapp 40, 262–283. 
doi:10.1002/hbm.24370. [PubMed: 30240509] 

Casey BJ, Cannonier T, Conley MI, Cohen AO, Barch DM, Heitzeg MM, Soules ME, Teslovich T, 
Dellarco DV, Garavan H, Orr CA, Wager TD, Banich MT, Speer NK, Sutherland MT, Riedel 
MC, Dick AS, Bjork JM, Thomas KM, Chaarani B, Mejia MH, Hagler DJ, Daniela Cornejo 
M, Sicat CS, Harms MP, Dosenbach NUF, Rosenberg M, Earl E, Bartsch H, Watts R, Polimeni 
JR, Kuperman JM, Fair DA, Dale AM, Workgroup AIA, 2018. The Adolescent brain cognitive 
development (ABCD) study: imaging acquisition across 21 sites. Dev. Cogn. Neurosci 32, 43–54. 
doi:10.1016/j.dcn.2018.03.001. [PubMed: 29567376] 

Carl H, Walsh E, Eisenlohr-Moul T, Minkel J, Crowther A, Moore T, Gibbs D, Petty C, Bizzell 
J, Dichter GS, Smoski MJ, 2016. Sustained anterior cingulate cortex activation during reward 
processing predicts response to psychotherapy in major depressive disorder. J. Affect. Disord 203, 
204–212. doi:10.1016/j.jad.2016.06.005. [PubMed: 27295377] 

Caspi A, Houts RM, Ambler A, Danese A, Elliott ML, Hariri A, Harrington H, Hogan S, Poulton R, 
Ramrakha S, Rasmussen LJH, Reuben A, Richmond-Rakerd L, Sugden K, Wertz J, Williams BS, 
Moffitt TE, 2020. Longitudinal assessment of mental health disorders and comorbidities across 4 
decades among participants in the Dunedin birth cohort study. JAMA Netw. Open 3. doi:10.1001/
jamanetworkopen.2020.3221, e203221–e203221. [PubMed: 32315069] 

Chang C, Glover GH, 2009. Effects of model-based physiological noise correction on default 
mode network anti-correlations and correlations. Neuroimage 47, 1448–1459. doi:10.1016/
j.neuroimage.2009.05.012. [PubMed: 19446646] 

Chen JE, Glover GH, 2015. Functional magnetic resonance imaging methods. Neuropsychol. Rev 25, 
289. doi:10.1007/S11065-015-9294-9. [PubMed: 26248581] 

Cho YT, Fromm S, Guyer AE, Detloff A, Pine DS, Fudge JL, Ernst M, 2013. Nucleus accumbens, 
thalamus and insula connectivity during incentive anticipation in typical adults and adolescents. 
Neuroimage 66, 508–521. [PubMed: 23069809] 

Clithero J.a, Rangel A, 2014. Informatic parcellation of the network involved in the computation of 
subjective value. Soc. Cogn. Affect. Neurosci 9, 1289–1302. doi:10.1093/scan/nst106. [PubMed: 
23887811] 

Cohen J. 1992. A power primer. J. Abnorm. Psychol 112, 155–159.

Cohen MS, 1997. Parametric analysis of fMRI data using linear systems methods. Neuroimage 6, 
93–103. doi:10.1006/nimg.1997.0278. [PubMed: 9299383] 

Cox RW, 1996. AFNI: software for analysis and visualization of functional magnetic resonance 
neuroimages. Comput. Biomed. Res 29, 162–173. doi:10.1006/cbmr.1996.0014. [PubMed: 
8812068] 

Damiano CR, Aloi J, Dunlap K, Burrus CJ, Mosner MG, Kozink RV, McLaurin RE, Mullette-Gillman 
OA, Carter RMK, Huettel SA, McClernon FJ, Ashley-Koch A, Dichter GS, 2014. Association 
between the oxytocin receptor (OXTR) gene and mesolimbic responses to rewards. Mol. Autism 5, 
1–12. doi:10.1186/2040-2392-5-7. [PubMed: 24410847] 

Demetriou L, Kowalczyk OS, Tyson G, Bello T, Newbould RD, Wall MB, 2018. A 
comprehensive evaluation of increasing temporal resolution with multiband-accelerated protocols 
and effects on statistical outcome measures in fMRI. Neuroimage 176, 404–416. doi:10.1016/
j.neuroimage.2018.05.011. [PubMed: 29738911] 

Demidenko MI, Huntley ED, Jahn A, Thomason ME, Monk CS, Keating DP, 2020. Cortical and 
subcortical response to the anticipation of reward in high and average/low risk-taking adolescents. 
Dev. Cogn. Neurosci 44, 100798. doi:10.1016/j.dcn.2020.100798. [PubMed: 32479377] 

Demidenko MI, Weigard AS, Ganesan K, Jang H, Jahn A, Huntley ED, Keating DP, 2021. Interactions 
between methodological and interindividual variability: how monetary incentive delay (MID) 
task contrast maps vary and impact associations with behavior. Brain and Behavior, e02093 
doi:10.31234/osf.io/9fasc. [PubMed: 33750042] 

Dhingra I, Zhang S, Zhornitsky S, Le TM, Wang W, Chao HH, Levy I, Li CSR, 2020. The effects 
of age on reward magnitude processing in the monetary incentive delay task. Neuroimage 207, 
116368. doi:10.1016/j.neuroimage.2019.116368. [PubMed: 31743790] 

Srirangarajan et al. Page 13

Neuroimage. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Egger M, Smith GD, Schneider M, Minder C, 1997. Bias in meta-analysis detected by a simple, 
graphical test. Br. Med. J 315, 629–634. doi:10.1136/bmj.315.7109.629. [PubMed: 9310563] 

Elliott ML, Knodt AR, Ireland D, Morris ML, Poulton R, Ramrakha S, Sison ML, Moffitt 
TE, Caspi A, Hariri AR, 2020. What is the test-retest reliability of common task-functional 
MRI measures? New empirical evidence and a meta-analysis. Psychol. Sci 31, 792–806. 
doi:10.1177/0956797620916786. [PubMed: 32489141] 

Enzi B, Edel MA, Lissek S, Peters S, Hoffmann R, Nicolas V, Tegenthoff M, Juckel G, Saft C, 
2012. Altered ventral striatal activation during reward and punishment processing in premanifest 
Huntington’s disease: a functional magnetic resonance study. Exp. Neurol 235, 256–264. 
doi:10.1016/j.expneurol.2012.02.003. [PubMed: 22366326] 

Fan L, Li H, Zhuo J, Zhang Y, Wang J, Chen L, Yang Z, Chu C, Xie S, Laird AR, Fox PT, Eickhoff 
SB, Yu C, Jiang T, 2016. The human brainnetome atlas: a new brain atlas based on connectional 
architecture. Cereb. Cortex 26, 3508–3526. doi:10.1093/cercor/bhw157. [PubMed: 27230218] 

Glasser MF, Coalson TS, Robinson EC, Hacker CD, Harwell J, Yacoub E, Ugurbil K, Andersson 
J, Beckmann CF, Jenkinson M, Smith SM, Van Essen DC, 2016. A multi-modal parcellation of 
human cerebral cortex. Nature 536, 171–178. doi:10.1038/nature18933. [PubMed: 27437579] 

Gola M, Wordecha M, Sescousse G, Lew-Starowicz M, Kossowski B, Wypych M, Makeig S, 
Potenza MN, Marchewka A, 2017. Can pornography be addictive? An fMRI study of men 
seeking treatment for problematic pornography use. Neuropsychopharmacology 42, 2021–2031. 
doi:10.1038/npp.2017.78. [PubMed: 28409565] 

Green IW, Pizzagalli DA, Admon R, Kumar P, 2019. Anhedonia modulates the effects of positive 
mood induction on reward-related brain activation. Neuroimage 193, 115–125. doi:10.1016/
j.neuroimage.2019.02.063. [PubMed: 30831312] 

Herbort MC, Soch J, Wüstenberg T, Krauel K, Pujara M, Koenigs M, Gallinat J, Walter H, Roepke 
S, Schott BH, 2016. A negative relationship between ventral striatal loss anticipation response 
and impulsivity in borderline personality disorder. NeuroImage Clin. 12, 724–736. doi:10.1016/
j.nicl.2016.08.011. [PubMed: 27766203] 

Hoogman M, Onnink M, Cools R, Aarts E, Kan C, Arias Vasquez A, Buitelaar J, Franke B, 2013. 
The dopamine transporter haplotype and reward-related striatal responses in adult ADHD. Eur. 
Neuropsychopharmacol 23, 469–478. doi:10.1016/j.euroneuro.2012.05.011. [PubMed: 22749356] 

Huang Y, Wu T, Gao Y, Luo Y, Wu Z, Fagan S, Leung S, Li X, 2019. The impact of callous
unemotional traits and externalizing tendencies on neural responsivity to reward and punishment 
in healthy adolescents. Front. Neurosci 13, 1–14. doi:10.3389/fnins.2019.01319. [PubMed: 
30740042] 

Johnson SL, Mehta H, Ketter TA, Gotlib IH, Knutson B, 2019. Neural responses to monetary 
incentives in bipolar disorder. NeuroImage Clin. 24, 102018. doi:10.1016/j.nicl.2019.102018. 
[PubMed: 31670069] 

Juckel G, Friedel E, Koslowski M, Witthaus H, Özgürdal S, Gudlowski Y, Knutson B, Wrase J, Burne 
M, Heinz A, Schlagenhauf F, 2012. Ventral striatal activation during reward processing in subjects 
with ultra-high risk for schizophrenia. Neuropsychobiology 66, 50–56. doi:10.1159/000337130. 
[PubMed: 22797277] 

Kim M, Mawla I, Albrecht DS, Admon R, Torrado-Carvajal A, Bergan C, Protsenko E, Kumar 
P, Edwards RR, Saha A, Napadow V, Pizzagalli DA, Loggia ML, 2020. Striatal hypofunction 
as a neural corre-late of mood alterations in chronic pain patients. Neuroimage 211, 116656. 
doi:10.1016/j.neuroimage.2020.116656. [PubMed: 32068162] 

Kirk U, Brown KW, Downar J, 2015. Adaptive neural reward processing during anticipation and 
receipt of monetary rewards in mindfulness meditators. Soc. Cogn. Affect. Neurosci 10, 752–759. 
doi:10.1093/scan/nsu112. [PubMed: 25193949] 

Knutson B, Adams CM, Fong GW, Hommer D, 2001. Anticipation of increasing monetary reward 
selectively recruits nucleus accumbens. J. Neurosci 21, RC159. [PubMed: 11459880] 

Knutson B, Cooper JC, 2005. Functional magnetic resonance imaging of reward prediction. Curr. 
Opin. Neurol 18, 411–417. doi:10.1097/01.wco.0000173463.24758.f6. [PubMed: 16003117] 

Srirangarajan et al. Page 14

Neuroimage. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Knutson B, Fong GW, Bennett SM, Adams CM, Hommer D, 2003. A region of mesial prefrontal 
cortex tracks monetarily rewarding outcomes: characterization with rapid event-related fMRI. 
Neuroimage 18, 263–272. [PubMed: 12595181] 

Knutson B, Greer SM, 2008. Anticipatory affect: neural correlates and consequences for choice. 
Philos. Trans. R. Soc. Lond. B Biol. Sci 363, 3771–3786. doi:10.1098/rstb.2008.0155. [PubMed: 
18829428] 

Knutson B, Heinz A, 2015. Probing psychiatric symptoms with the monetary incentive delay task. 
Biol. Psychiatry 77, 418–420. doi:10.1016/j.biopsych.2014.12.022. [PubMed: 25645271] 

Knutson B. Stallen M. 2018. How can affect influence choice? In: Fox AS, Lapate RC, Shackman AJ, 
Davidson RJ (Eds.), The Nature of Emotion : Fundamental Questions, Series in Affective Science. 
Oxford University Press, New York, NY, pp. 335–338.

Knutson B, Taylor J, Kaufman M, Peterson R, Glover G, 2005. Distributed neural representation of 
expected value. J. Neurosci 25, 4806–4812. doi:10.1523/JNEUROSCI.0642-05.2005. [PubMed: 
15888656] 

Kollmann B, Scholz V, Linke J, Kirsch P, Wessa M, 2017. Reward anticipation revisited- evidence 
from an fMRI study in euthymic bipolar I patients and healthy first-degree relatives. J. Affect. 
Disord 219, 178–186. doi:10.1016/j.jad.2017.04.044. [PubMed: 28558365] 

Martucci KT, Borg N, MacNiven KH, Knutson B, Mackey SC, 2018. Altered prefrontal 
correlates of monetary anticipation and outcome in chronic pain. Pain 159, 1494. doi:10.1097/
J.PAIN.0000000000001232. [PubMed: 29790868] 

McGonigle J, Murphy A, Paterson LM, Reed LJ, Nestor L, Nash J, Elliott R, Ersche KD, Flechais 
RSA, Newbould R, Orban C, Smith DG, Taylor EM, Waldman AD, Robbins TW, Deakin JFW, 
Nutt DJ, Lingford-Hughes AR, Suckling J, 2017. The ICCAM platform study: an experimental 
medicine platform for evaluating new drugs for relapse prevention in addiction. Part B: FMRI 
description. J. Psychopharmacol 31, 3–16. doi:10.1177/0269881116668592. [PubMed: 27703042] 

Mucci A, Dima D, Soricelli A, Volpe U, Bucci P, Frangou S, Prinster A, Salvatore M, Galderisi S, 
Maj M, 2015. Is avolition in schizophrenia associated with a deficit of dorsal caudate activity? A 
functional magnetic resonance imaging study during reward anticipation and feedback. Psychol. 
Med 45, 1765–1778. doi:10.1017/S0033291714002943. [PubMed: 25577954] 

Moeller S, Yacoub E, Olman CA, Auerbach E, Strupp J, Harel N, Uǧurbil K, 2010. Multiband 
multislice GE-EPI at 7 tesla, with 16-fold acceleration using partial parallel imaging with 
application to high spatial and temporal whole-brain FMRI. Magn. Reson. Med 63, 1144–1153. 
doi:10.1002/mrm.22361. [PubMed: 20432285] 

Pauli WM, Nili AN, Tyszka JM, 2018. A high-resolution probabilistic in vivo atlas of human 
subcortical brain nuclei. Sci. Data 5, 180063. doi:10.1038/sdata.2018.63. [PubMed: 29664465] 

Pfabigan DM, Seidel EM, Sladky R, Hahn A, Paul K, Grahl A, Küblböck M, Kraus C, Hummer 
A, Kranz GS, Windischberger C, Lanzenberger R, Lamm C, 2014. P300 amplitude variation is 
related to ventral striatum BOLD response during gain and loss anticipation: an EEG and fMRI 
experiment. Neuroimage 96, 12–21. doi:10.1016/j.neuroimage.2014.03.077. [PubMed: 24718288] 

Poldrack RA, 2012. The future of fMRI in cognitive neuroscience. Neuroimage 62, 1216–1220. 
doi:10.1016/j.neuroimage.2011.08.007. [PubMed: 21856431] 

Pornpattananangkul N, Leibenluft E, Pine DS, Stringaris A, 2019. Association between childhood 
anhedonia and alterations in large-scale resting-state networks and task-evoked activation. JAMA 
Psychiatry 76, 624–633. doi:10.1001/jamapsychiatry.2019.0020. [PubMed: 30865236] 

Rademacher L, Krach S, Kohls G, Irmak A, Gründer G, Spreckelmeyer KN, 2010. Dissociation of 
neural networks for anticipation and consumption of monetary and social rewards. Neuroimage 49, 
3276–3285. doi:10.1016/j.neuroimage.2009.10.089. [PubMed: 19913621] 

Radua J, Schmidt A, Borgwardt S, Heinz A, Schlagenhauf F, McGuire P, Fusar-Poli P, 2015. Ventral 
striatal activation during reward processing in psychosis a neurofunctional meta-analysis. JAMA 
Psychiatry 72, 1243–1251. doi:10.1001/jamapsychiatry.2015.2196. [PubMed: 26558708] 

Risk BB, Kociuba MC, Rowe DB, 2018. Impacts of simultaneous multislice acquisition on sensitivity 
and specificity in fMRI. Neuroimage 172, 538–553. doi:10.1016/j.neuroimage.2018.01.078. 
[PubMed: 29408461] 

Srirangarajan et al. Page 15

Neuroimage. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Risk BB, Murden RJ, Wu J, Nebel MB, Venkataraman A, Zhang Z, Qiu D, 2021. Which 
multiband factor should you choose for your resting-state fMRI study? Neuroimage 234, 117965. 
doi:10.1016/J.NEUROIMAGE.2021.117965. [PubMed: 33744454] 

Romanczuk-Seiferth N, Koehler S, Dreesen C, Wüstenberg T, Heinz A, 2015. Pathological gambling 
and alcohol dependence: neural disturbances in reward and loss avoidance processing. Addict. Biol 
20, 557–569. doi:10.1111/adb.12144. [PubMed: 24754423] 

Rosen BR, Savoy RL, 2012. fMRI at 20: has it changed the world? Neuroimage 62, 1316–1324. 
doi:10.1016/j.neuroimage.2012.03.004. [PubMed: 22433659] 

Sacchet MD, Knutson B, 2013. Spatial smoothing systematically biases the localization of reward
related brain activity. Neuroimage 66, 270–277. doi:10.1016/j.neuroimage.2012.10.056. [PubMed: 
23110886] 

Sescousse G, Barbalat G, Domenech P, Dreher JC, 2013. Imbalance in the sensitivity to different types 
of rewards in pathological gambling. Brain 136, 2527–2538. doi:10.1093/brain/awt126. [PubMed: 
23757765] 

Sescousse G, Redouté J, Dreher JC, 2010. The architecture of reward value coding in the human 
orbitofrontal cortex. J. Neurosci 30, 13095–13104. doi:10.1523/JNEUROSCI.3501-10.2010. 
[PubMed: 20881127] 

Simon JJ, Walther S, Fiebach CJ, Friederich HC, Stippich C, Weisbrod M, Kaiser S, 2010. Neural 
reward processing is modulated by approach- and avoidance-related personality traits. Neuroimage 
49, 1868–1874. doi:10.1016/j.neuroimage.2009.09.016. [PubMed: 19770056] 

Stoy M, Schlagenhauf F, Schlochtermeier L, Wrase J, Knutson B, Lehmkuhl U, Huss M, Heinz 
A, Ströhle A, 2011. Reward processing in male adults with childhood ADHD-a comparison 
between drug-naïve and methylphenidate-treated subjects. Psychopharmacology 215, 467–481. 
doi:10.1007/s00213-011-2166-y, (Berl). [PubMed: 21298512] 

Stoy M, Schlagenhauf F, Sterzer P, Bermpohl F, Hägele C, Suchotzki K, Schmack K, Wrase J, 
Ricken R, Knutson B, Adli M, Bauer M, Heinz A, Strohle A, 2012. Hyporeactivity of ventral 
striatum towards incentive stimuli in unmedicated depressed patients normalizes after treatment 
with escitalopram. J. Psychopharmacol 26, 677–688. doi:10.1177/0269881111416686. [PubMed: 
21926423] 

Tingley D, Yamamoto T, Hirose K, Keele L, Imai K, 2014. mediation:rpackage for causal mediation 
analysis. J. Stat. Softw 59. doi:10.18637/jss.v059.i05.

Todd N, Josephs O, Zeidman P, Flandin G, Moeller S, Weiskopf N, 2017. Functional sensitivity of 2D 
simultaneous multi-slice echo-planar imaging: effects of acceleration on g-factor and physiological 
noise. Front. Neurosci 11, 158. doi:10.3389/fnins.2017.00158. [PubMed: 28424572] 

Todd N, Moeller S, Auerbach EJ, Yacoub E, Flandin G, Weiskopf N, 2016. Evaluation of 2D 
multiband EPI imaging for high-resolution, whole-brain, task-based fMRI studies at 3T: sensitivity 
and slice leakage artifacts. Neuroimage 124, 32–42. doi:10.1016/j.neuroimage.2015.08.056. 
[PubMed: 26341029] 

Treadway MT, Buckholtz JW, Zald DH, 2013. Perceived stress predicts altered reward and loss 
feedback processing in medial prefrontal cortex. Front. Hum. Neurosci 7, 1–10. doi:10.3389/
fnhum.2013.00180. [PubMed: 23355817] 

Ubl B, Kuehner C, Kirsch P, Ruttorf M, Diener C, Flor H, 2014. Altered neural reward and loss 
processing and prediction error signalling in depression. Soc. Cogn. Affect. Neurosci 10, 1102–
1112. doi:10.1093/scan/nsu158.

Van Essen DC, Smith SM, Barch DM, Behrens TEJ, Yacoub E, Ugurbil K, Consortium WMHCP, 
2013. The WU-Minn human connectome project: an overview. Neuroimage 80, 62–79. 
doi:10.1016/j.neuroimage.2013.05.041. [PubMed: 23684880] 

Viechtbauer W, 2010. Conducting meta-analyses in R with the metafor package. J. Stat. Softw 36, 
1–48. doi:10.18637/JSS.V036.I03.

Vul E, Harris C, Winkielman P, Pashler H, 2009. Puzzlingly high correlations in fMRI studies 
of emotion, personality, and social cognition. Perspect. Psychol. Sci 4, 274–290. doi:10.1111/
j.1745-6924.2009.01125.x. [PubMed: 26158964] 

Weiland BJ, Heitzeg MM, Zald D, Cummiford C, Love T, Zucker RA, Zubieta JK, 2014. 
Relationship between impulsivity, prefrontal anticipatory activation, and striatal dopamine 

Srirangarajan et al. Page 16

Neuroimage. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



release during rewarded task performance. Psychiatry Res. 223, 244–252. doi:10.1016/
j.pscychresns.2014.05.015, Neuroimaging. [PubMed: 24969539] 

Welborn BL, Hong Y, Ratner KG, 2020. Exposure to negative stereotypes influences representations 
of monetary incentives in the nucleus accumbens. Soc. Cogn. Affect. Neurosci 15, 347–358. 
doi:10.1093/scan/nsaa041. [PubMed: 32248234] 

Wimmer GE, Büchel C, 2016. Reactivation of reward-related patterns from single past 
episodes supports memory-based decision making. J. Neurosci 36, 2868–2880. doi:10.1523/
JNEUROSCI.3433-15.2016. [PubMed: 26961943] 

Wu CC, Samanez-Larkin GR, Katovich K, Knutson B, 2014. Affective traits link to 
reliable neural markers of incentive anticipation. Neuroimage 84, 279–289. doi:10.1016/
j.neuroimage.2013.08.055. [PubMed: 24001457] 

Yacubian J, Gläscher J, Schroeder K, Sommer T, Braus DF, Büchel C, 2006. Dissociable systems for 
gain-and loss-related value predictions and errors of prediction in the human brain. J. Neurosci 26, 
9530–9537. [PubMed: 16971537] 

Yan C, Wang Y, Su L, Xu T, Yin DZ, Fan MX, Deng CP, Wang ZX, Lui SSY, Cheung EFC, Chan 
RCK, 2016. Differential mesolimbic and prefrontal alterations during reward anticipation and 
consummation in positive and negative schizotypy. Psychiatry Res. Neuroimaging 254, 127–136. 
doi:10.1016/j.pscychresns.2016.06.014. [PubMed: 27419380] 

Yau WYW, Zubieta JK, Weiland BJ, Samudra PG, Zucker RA, Heitzeg MM, 2012. Nucleus 
accumbens response to incentive stimuli anticipation in children of alcoholics: relationships 
with precursive behavioral risk and lifetime alcohol use. J. Neurosci 32, 2544–2551. doi:10.1523/
JNEUROSCI.1390-11.2012. [PubMed: 22396427] 

Srirangarajan et al. Page 17

Neuroimage. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Meta-analytic comparison of NAcc gain versus nongain anticipation contrast peaks (left) 

and MPFC gain versus nongain outcome contrast peaks (right) across studies. Panels depict 

single-band (top) versus multi-band (bottom) scans. Single-band studies are ordered by date, 

and multi-band studies are ordered by MB factor. Gray bars indicate weighted averages 

(±SEM) for single-band versus multi-band studies. Point sizes indicate sample size (so some 

studies may appear as squares due to a combination of large samples and small errors).
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Fig. 2. 
Funnel plots of study effect size versus standard error for the NAcc gain versus nongain 

anticipation contrast. Panels depict single-band (top) and multi-band (bottom) studies.
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Fig. 3. 
Effects and activity time courses for large gain (+$5.00) versus nongain (+$0.00) contrasts 

across VOIs. (A) Effect size estimates (Cohen’s d ± standard error) are calculated separately 

for large gain versus nongain anticipation or outcome (for MPFC) contrasts in each VOI. 

Significant differences are marked with * (* p<0.05; **p<0.01; ***p<0.001); (B) VOI 

activity time course data for single-band (MB1) versus multi-band (MB4 and MB8) data 

(n = 12; within-subjects). In all plots, time on the x-axis is seconds after trial onset (at 

second 0). White bars highlight time points of interest corresponding to either anticipation or 

outcome periods (after a 6 s lag for the hemodynamic delay).
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Fig. 4. 
Whole brain signal and noise measures for baseline and modeled data from FMRI scans 

during the MID task. Rows depict: (1) mean overall activity; (2) standard deviation of 

overall activity; (3) temporal signal-to-noise ratio; (4) gain versus nongain anticipation 

coefficient (thresholded at p < 0.01 with a cluster size of 4); and (5) standard deviation of the 

gain versus nongain anticipation coefficient.
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Fig. 5. 
Temporal signal-to-noise ratio mediates the influence of multi-band scanning on reward

related activity in the Nucleus Accumbens.

* p < .05; ** p < .01; *** p < .001

Srirangarajan et al. Page 22

Neuroimage. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Srirangarajan et al. Page 23

Table 1

Scanning parameters used for each sequence. MB = Multi-Band factor; FOV = Field Of View; TE = Time to 

Echo; TR = Time to Repetition.

MB 1 MB 4 MB 8

Voxel size 3.4 × 3.4 × 3.4 3.4 × 3.4 × 3.4 3.4 × 3.4 × 3.4

Freq. FOV 23.8 23.8 23.8

Phase FOV 1 1 1

TE 25ms 25ms 25ms

Phase encoding PA PA PA

Base resolution 70 × 70 at 3.4mm 70 × 70 at 3.4mm 70 × 70 at 3.4mm

Pixel bandwidth 7143Hz 7143Hz 7143Hz

Echo spacing 0.5 0.5 0.5

Flip angle 77 42 42

Number of slices 41 32 41

TR 2000ms 500ms 500ms
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Table 3

ANCOVA of NAcc gain versus nongain anticipation effect size as a function of single-band versus multi-band 

scanning protocol and potential confounds.

Cases Sum of Squares df Mean Square F p

Age 0.051 1 0.051 0.089 0.767

Band 4.394 1 4.394 7.676 0.009

Age * Band 0.521 1 0.521 0.910 0.346

Date 0.165 1 0.165 0.289 0.594

Sample size 0.903 1 0.903 1.578 0.217

Flip angle 0.487 1 0.487 0.851 0.362

Residuals 21.182 37 0.572

Note. Type III Sum of Squares.
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