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Abstract

Extensive increases in cingulo-opercular frontal activity are typically observed during speech 

recognition in noise tasks. This elevated activity has been linked to a word recognition benefit 

on the next trial, termed “adaptive control,” but how this effect might be implemented has 

been unclear. The established link between perceptual decision making and cingulo-opercular 

function may provide an explanation for how those regions benefit subsequent word recognition. 

In this case, processes that support recognition such as raising or lowering the decision criteria 

for more accurate or faster recognition may be adjusted to optimize performance on the next 

trial. The current neuroimaging study tested the hypothesis that pre-stimulus cingulo-opercular 

activity reflects criterion adjustments that determine how much information to collect for word 

recognition on subsequent trials. Participants included middle-age and older adults (N = 30; age 

= 58.3 ± 8.8 years; m ± sd) with normal hearing or mild sensorineural hearing loss. During 

a sparse fMRI experiment, words were presented in multitalker babble at +3 dB or +10 dB 

signal-to-noise ratio (SNR), which participants were instructed to repeat aloud. Word recognition 

was significantly poorer with increasing participant age and lower SNR compared to higher SNR 

conditions. A perceptual decision-making model was used to characterize processing differences 

based on task response latency distributions. The model showed that significantly less sensory 

evidence was collected (i.e., lower criteria) for lower compared to higher SNR trials. Replicating 

earlier observations, pre-stimulus cingulo-opercular activity was significantly predictive of correct 

recognition on a subsequent trial. Individual differences showed that participants with higher 

criteria also benefitted the most from pre-stimulus activity. Moreover, trial-level criteria changes 

were significantly linked to higher versus lower pre-stimulus activity. These results suggest 
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cingulo-opercular cortex contributes to criteria adjustments to optimize speech recognition task 

performance.
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1. Introduction

Speech recognition in noise is typically poorer for older adults than younger adults, which 

can reflect a combination of sensory and cognitive-perceptual declines (e.g., Dubno et al., 

1984; Humes, 2021; Humes and Christopherson, 1991; Humes and Dubno, 2010; Souza et 

al., 2007; Wingfield and Tun, 2001). Considerable variability exists, with some older adults 

performing nearly as well as younger adults. Some of this variance may be explained by 

differences in the engagement of listening effort or cognitive resources to facilitate speech 

recognition for some older adults (e.g., Alain et al., 2004; Eckert et al., 2016; Peelle, 2017; 

Pichora-Fuller et al., 2016; Wingfield, 1996). Neuroimaging evidence suggests that a set of 

frontal cortex regions are extensively recruited with increasing listening difficulty, but it is 

unclear how frontal cortex might facilitate speech recognition.

Speech recognition in noise performance is consistently linked to activity in cingulo-

opercular regions of frontal cortex in what appears to be a performance monitoring 

role. Specifically, cingulo-opercular activity typically increases with increasing speech 

recognition errors, as well as with increasing listening difficulty (Alavash et al., 2019; 

Eckert et al., 2009; Peelle, 2017; Wild et al., 2012). The robust effects of task errors and 

difficulty are seen across many task domains, which is suggestive of a domain-general 

performance monitoring function (Dosenbach et al., 2006) that activates similarly during 

speech recognition (with or without explicit task feedback). More extensive frontal cortex 

activity during challenging listening tasks has been shown for older compared to younger 

adults (Erb and Obleser, 2013; Wingfield and Grossman, 2006), which could reflect task 

difficulty (Eckert et al., 2016; Erb and Obleser, 2013; Pichora-Fuller et al., 2016). Task 

performance and difficulty-related increases in cingulo-opercular activity are also believed 

to lead to changes that can improve performance (Eckert et al., 2016; Erb et al., 2013; 

Gratton et al., 2016; Vaden et al., 2013), as described next.

In addition to signaling task difficulty or error, cingulo-opercular activity also appears 

to optimize on-going task performance. For example, higher activity prior to a stimulus 

presentation (i.e., pre-stimulus activity) is associated with significantly better word 

recognition in noise (Vaden et al., 2016; Vaden et al., 2015, 2013). That is, word recognition 

performance is significantly predicted by pre-stimulus cingulo-opercular activity. The 

performance changes associated with pre-stimulus or poststimulus cingulo-opercular activity 

suggest these regions are 1) responsive to task performance or uncertainty information and 

2) can adjust attention or other resources (Coste et al., 2011; Coste and Kleinschmidt, 2016; 

Gratton et al., 2016) to optimize performance in challenging tasks as part of an adaptive 
control function (Eckert et al., 2016; Shenhav et al., 2013). Similar effects of pre-stimulus 
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activity on performance in auditory detection tasks (Coste and Kleinschmidt, 2016; Vaden 

et al., 2020) suggest that cingulo-opercular effects are not specific to understanding speech 

in noise. However, the mechanism(s) by which cingulo-opercular cortex provides adaptive 

control have not been identified.

A growing body of literature indicates that medial frontal cortex can affect response 

latencies or the decision to initiate a response. A mechanism for speeding or slowing 

responses may be critical when perception of stimuli is diminished, as in speech recognition 

in noise, where noisy or ambiguous sensory information interfere with typically rapid 

perceptual mapping. This framework for understanding the interplay between perception 

and performance is well-characterized by perceptual decision-making models that focus on 

response latencies to identify distinct processes (Dutilh et al., 2019; Heathcote and Love, 

2012; Matzke and Wagenmakers, 2009), which have been mapped to cortical function, 

as described later. While there is some variation across models, they all consider: 1) 

response criteria or response caution where higher criteria reflect slower and more cautious 

responding; 2) accumulation rate or how quickly information can be perceived where 

a higher rate reflects faster information processing; and 3) non-decision time or initial 

sensory function and motor function to produce a response (Anders et al., 2016; Brown and 

Heathcote, 2005; Donkin et al., 2010; Smith and Ratcliff, 2004). Here, cingulo-opercular 

function is hypothesized to influence decision criteria through its role in performance 

monitoring where lower performance would signal for higher criteria when accuracy is 

important to performance (i.e., as opposed to speeded responding).

Perceptual decision-making provides a promising avenue for investigating speech 

recognition in noise, because the signal-to-noise ratio (SNR) can influence the speed at 

which listeners understand words (Meister et al., 2018). Perceptual decision-making models 

commonly assume that the rate of evidence collection largely depends on stimulus quality 

(Donkin et al., 2009), which is why recognition would be expected to take longer for words 

presented in a low compared to high SNR condition. In contrast, decision criteria may be 

adjusted to optimize the speed and accuracy of task responses. Criteria are raised or lowered 

to collect more or less evidence during recognition, which affects how quickly recognition 

can occur in combination with the speed of information collection. Raised criteria require 

more evidence to be collected prior to recognition (e.g., higher response caution), which 

may increase accuracy while resulting in slower, more variable response latencies. Although 

faster responses are strongly associated with lower accuracy (Wickelgren, 1977), lower 

decision criteria can facilitate faster recognition decisions when there is time pressure (e.g., 

speed-accuracy tradeoff tasks; Bogacz et al., 2010; Evans et al., 2017; Rae et al., 2014; Van 

Maanen et al., 2011). Thus, more difficult perceptual conditions with slower information 

collection may result in lower decision criteria to hasten recognition, or alternatively may 

result in higher decision criteria to increase accuracy.

The current study used a perceptual decision-making model that derived parameter estimates 

from task response latencies (speech onsets), using an approach from Anders et al. (2016). 

The Shifted Wald model combines the computational simplicity and estimate robustness 

of “measurement models” (e.g., Weibull, Weibull, 1951; gamma, Lukacs, 1955) with the 

cognitive specificity offered by “process models” of perceptual decision-making (e.g., 
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Linear Ballistic Accumulator, Brown and Heathcote, 2008; Drift Diffusion Model, Ratcliff, 

1978). A probability distribution function is first fitted to each participant’s onset latencies 

(as with measurement models), then estimates are derived for decision criteria, evidence 

accumulation, and non-decision time (as with process models; Anders et al., 2016, Anders 

et al., 2015). Anders et al. (2016) illustrate how decision criteria and evidence accumulation 

rates are informed by the median and skew of response latencies from trials with correct 

responses, while non-decision times primarily reflect the minimum response latencies. 

Longer non-decision times, faster evidence accumulation rates, and higher criteria are 

reflected in larger number values with the Shifted Wald model (Anders et al., 2016).

Our predictions for perceptual decision-making processes were based on the extant 

literature showing that both non-decision times and evidence accumulation rates reflect 

stimulus quality, while decision criteria balance response speed and accuracy in perceptual 

task performance. Consistent with perceptual decision-making changes in experiments in 

challenging recognition tasks (e.g., Anders et al., 2016; Hanks and Summerfield, 2017; 

Mulder et al., 2014), less intelligible words in the +3 dB SNR were predicted to result 

in slower evidence accumulation rates and longer non-decision times compared to the 

+10 dB SNR. Lower decision criteria were also expected in the +3 dB SNR condition: 

when evidence accumulates more slowly, participants may lower their threshold and 

respond earlier to maintain regular response speed or prevent missing the response interval. 

Alternatively, if participants prioritize accurate recognition, they may raise criteria in the +3 

dB relative to the +10 dB SNR condition to collect more evidence.

Breaking the decision criteria predictions down further, perceptual decision-making models 

have shown that criteria changes can account for a speed accuracy trade-off (Dutilh et 

al., 2019). That is, faster responses are often less accurate and slower responses are often 

more accurate (Wickelgren, 1977). More difficult conditions can lead to compensatory 

changes in criteria that inversely affect both response latency and accuracy (e.g., Mulder et 

al., 2014; Hanks and Summerfield, 2017). Poorer SNR conditions were predicted to slow 

evidence accumulation rates and non-decision times during word recognition. We predicted 

that time pressure related to slower processes in a poorer SNR could lead to lowered 

criteria to offset slower recognition. Because the amount of quality sensory information 

is limited by noise, lowered criteria in poor SNR conditions also might not affect how 

much evidence accumulates compared to better SNR conditions. An alternative perceptual 

strategy to optimize accuracy in a poorer SNR condition would raise criteria to gather even 

more evidence, albeit in exchange for much slower recognition times from the combination 

of longer non-decision times and prolonged evidence accumulation to reach the raised 

threshold at a slower rate.

Perceptual decision-making processes have been associated with activity in distinct large-

scale cortical networks or systems based on functional neuroimaging studies (Gratton et 

al., 2016; Hanks and Summerfield, 2017). Evidence accumulation occurs with a build-up 

of activity within a fronto-parietal network that ceases when object recognition occurs, 

in contrast with primary sensory cortex activity that remains elevated throughout stimulus 

presentations (Brosnan et al., 2020; Gratton et al., 2016; Ploran et al., 2011, 2007; c.f., 

Rowe et al., 2010). More cautious or higher decision criteria occur with increased activity 
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in cingulo-opercular regions during visual judgement tasks (Cavanagh et al., 2011; Rahnev 

et al., 2016; Van Maanen et al., 2011). The involvement of cingulo-opercular regions in 

post-perceptual processes, especially decision criterion adjustments (Desender et al., 2019), 

is consistent with increased activity during speech recognition in noise tasks (Alain et al., 

2018; Eckert et al., 2016), as well as its effects on subsequent task performance (Vaden 

etal.,2013).We propose that cingulo-opercular activity could also reflect its involvement in 

decision criterion adjustments to optimize speech recognition. That is, higher pre-stimulus 

cingulo-opercular activity is predicted to occur with higher decision criteria.

Functional neuroimaging data and perceptual decision-making estimates were used to test 

the hypothesis that cingulo-opercular cortex adjusts decision criteria, as reflected by pre-

stimulus activity, which controls how much evidence is collected for speech recognition 

in noise. The study was designed to first replicate earlier findings that pre-stimulus cingulo-

opercular BOLD contrast (i.e., prior to each presentation) is associated with correct word 

recognition (Vaden et al., 2015, 2013). We then tested the predictions that 1) larger cingulo-

opercular adaptive control effects during word recognition are associated with more cautious 

decision criteria across listeners (i.e., higher criteria) and 2) elevated pre-stimulus cingulo-

opercular activity occurs with trial-level shifts to more cautious decision criteria within 

listeners, thereby providing evidence for a cingulo-opercular adaptive control function. We 

characterized perceptual decision-making for speech in noise with middle-aged and older 

adult participants, to determine the extent to which age-related differences in perceptual 

decision-making (Dully et al., 2018) could account for speech recognition difficulty (Dubno 

et al., 1984; Humes and Christopherson, 1991; Johns et al., 2018; Souza et al., 2007).

2. Materials and methods

2.1. Participants

The current study included 30 middle-aged and older adult participants (22 females, 8 

males; age = 58.3 ± 8.8 years; M ± SD), after excluding six participants based on hearing 

loss screening criteria, one participant based on a technical problem that affected stimuli 

presentation at the MRI scanner, and another participant based on an incidental radiologic 

finding. The hearing loss exclusion criteria were designed to minimize audibility differences, 

based on a modified Articulation Index (Dubno et al., 2008) that predicted equal word 

recognition scores for participants with pure-tone thresholds below the upper limits (250 

Hz to 8000 Hz; Fig. 1) with the stimulus presentation parameters used for the experiment. 

Pure-tone thresholds were measured for both ears at conventional audiometric frequencies 

using a Madsen OB922 audiometer and TDH-39 headphones (American National Standards 

Institute, 2010). Mean pure-tone thresholds from the better ear (250 to 8000 Hz) ranged 

from 0.6 to 34.4 dB HL (M = 12.4 ± 8.8; Fig. 1) and were significantly correlated with age 

(r28 = 0.49, p = 0.006).

Participants had to score at least 27 out of 30 on the Mini-Mental Status Examination 

for inclusion in this study to limit the influence of mild cognitive impairment (Folstein et 

al., 1983) on the results. All participants were native English speakers, completed between 

12 and 20 years of education (M = 15.8 ± 1.8), and exhibited a right-handed distribution 

of Edinburgh Handedness Inventory scores (M = 63.2 ± 65.3; -100 left-handed and +100 
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right-handed; Oldfield, 1971). There was no history of neurological or psychiatric events, 

based on self-report. Informed consent was obtained in compliance with the Institutional 

Review Board at the Medical University of South Carolina (MUSC), and the experiment was 

conducted in accordance with the Declaration of Helsinki.

2.2. Experiment design

2.2.1. Stimuli—During the fMRI experiment, participants were presented with 120 

monosyllabic consonant-vowel-consonant words that were recorded by a male speaker 

(Dirks et al., 2001). Words were presented binaurally in a pseudorandomized order that 

was fixed across participants. Each word was presented only once during the experiment. 

Words were presented at 85 or 92 dB SPL in a continuous multitalker babble recording 

at 82 dB SPL (Kalikow et al., 1977), resulting in +3 or +10 dB SNR. Speech and babble 

levels were selected to minimize the effects of audibility differences on task performance 

based on normal hearing to mild hearing loss. None of the subjects reported the levels were 

uncomfortably loud. The auditory stimuli were presented with MRI-compatible Sensimetrics 

piezoelectric insert earphones and a sound level meter in the scanner control room was used 

to calibrate presentation levels.

2.3. Procedure

Participants listened to a single word at +3 or +10 dB SNR in multitalker babble, and 

were instructed to repeat the word aloud or say “nope” if they did not understand the 

word. A spin echo (EPI) sequence was used to collect BOLD imaging data, with a sparse 

8.6 s acquisition that allowed for each word to be presented with limited scanner noise 

(Vaden et al., 2020; Vaden et al., 2015, 2013). The response interval was visually cued 

to limit possible speech-related head movement after the inter-scan interval ended (Fig. 

2A). Participants viewed a projection screen through a headcoil-mounted periscope, and 

their responses were recorded using an MRI-compatible microphone system (Magnetic 

Resonance Technologies). E-Prime software (version 2) was used to present stimuli, record 

responses, and synchronize trial events to scanner onsets. Task performance feedback was 

not provided during the experiment. Fig. 2B shows the mixed-block design that included 

two blocks of word recognition in noise (60 trials per block; 8 min 36 s), habituation to the 

babble prior to each trial block (17.2 s), and a rest interval at the start, middle, and end of 

the experiment (60.2 s). Words were presented in blocks of trials for each SNR condition, 

which included between four and six trials. A mixed-block design was used here because it 

provides limited predictability about upcoming task demands, which allows participants to 

optimize decision criteria (for example) through successive adjustments based on response 

uncertainty or task difficulty on the preceding trials. For that reason, a mixed design may be 

more sensitive to pre-stimulus adjustments than designs that involve more predictable or less 

predictable task difficulty.

2.4. Word recognition task performance

Responses were scored as correct if the participant repeated a word exactly as it was 

presented, otherwise responses were scored as incorrect (including “nope”). Two raters in 

the scanner control room transcribed each response, with 92.2% agreement across trials. 
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Audio recordings of the participant responses during the experiment were used to resolve 

discrepancies between the two raters. Because of a recording error for two participants, 

13 trials with unresolved score discrepancies were excluded from the analyses (0.3% of 

the trials). Additionally, there were 46 unintelligible or missing responses excluded from 

the analyses (1.3% of the trials). Logistic regression analyses were performed on trial-level 

recognition (0/1) using a generalized linear mixed model (GLMM), which examined the 

associations between the likelihood for correct word recognition, participant age and SNR 

condition [R Statistics software, version 3.3.1; R-packages: lme4, version 1.1–17; ImerTest 

version 3.1–2]. We will use model number 1 to refer to this analysis in the results (Model 

#1).

Speech onset values were derived from the digital audio recordings of correct participant 

responses during the fMRI experiment. An edge detection algorithm was used to identify 

speech onsets in spectrogram data from each recording, based on the largest power increase 

across frequencies over time. Two raters then examined the spectrogram plots marked with 

algorithm-based speech onsets to identify errors. Both raters agreed with automatically 

identified onset values for 91% of the responses, and corrected onsets after inspecting each 

of the 501 participant recordings that were incorrectly labeled by the algorithm. There was a 

total of 2164 speech onset latencies from correct recognition trials included in the analyses. 

Prior to performing the analyses described later in the perceptual decision-making model 

section, a GLMM-based linear regression analysis (Model #2) was performed on trial-level 

speech onset times to characterize response latency differences related to participant age and 

SNR on correct trial response latencies.

Model fit was tested (Hofmann, 1997) to determine whether pure-tone thresholds 

significantly accounted for word recognition accuracy or speech onsets, based on several 

measures derived from the audiogram (Bologna et al., 2018): 1) mean pure-tone thresholds 

across ears; 2) mean pure-tone thresholds from the better ear; 3) mean pure-tone thresholds 

across 1 and 2 kHz; and 4) interactions between SNR and any of those hearing sensitivity 

measures. These tests did not show any significant improvement to model fit when a hearing 

loss measure was included in the model [accuracy: Chi-square < 1.07, p ≥ 0.30; latencies: 

Chi-square < 0.58, p ≥ 0.45], which suggests that the hearing loss exclusion criteria and 

presentation levels limited the influence of audibility differences in our sample. Hearing loss 

effects were not examined further.

2.5. Image acquisition

The fMRI experiment included the collection of 145 T2*-weighted EPI images (21 min 

30 s) with 3 mm isomorphic voxels and whole brain coverage, using a 32-channel head 

coil on Siemens Tim Trio or Prisma 3 T MRI scanners1 at the Center for Biomedical 

Imaging at MUSC [TR = 8600 ms; TE = 35 ms; TA = 1647 ms; 90° flip angle; 36 slices; 

interleaved and ascending slice order; 3.0 mm thickness; GRAPPA with acceleration factor 

= 2], Structural Tl-weighted images with 1.0 mm isomorphic voxels were collected using an 

1Imaging data from the first 23 participants were collected on a Siemens Tim Trio. Data from the other 7 participants were collected 
with an EPI sequence with identical parameters on a Siemens Prisma, after the MRI scanner was upgraded. No significant system 
upgrade effects were observed when a nuisance covariate was included in group level statistical contrasts.

Vaden et al. Page 7

Neuroimage. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MP2RAGE sequence [160 slices, 256 × 256 matrix, TR = 5000 ms; TE = 2.84 ms; TI1 = 

700 ms; TI 2 = 2500 ms; flip angle 1 = 4°; flip angle 2 = 5°; slice gap = 0; GRAPPA with 

acceleration factor = 3].

2.6. Preprocessing neuroimaging data

Preprocessing steps for the fMRI data were performed with the SPM12 software: 1) 

estimation and correction of head motion and gradient field distortions; 2) coregistration 

of functional images to native anatomical space; and 3) Gaussian smoothing (FWHM = 

8 mm) after spatial normalization with the Advanced Normalization Tools (ANTS version 

2.1; Avants and Gee, 2004). Diffeomorphic transformations were estimated with the ANTS 

software to produce a custom anatomical template for the current study participants. 

The fMRI data were coregistered to each participant’s structural image, then spatially 

transformed to match the study template. The ANTS software was also used to derive 

standard coordinates for peak statistic locations, by spatially transforming maps in the 

anatomical template space to the Montreal Neurological Institute (MNI) template space.

After warping and smoothing fMRI data, additional steps were taken to limit acquisition or 

motion artifacts in the results. Each voxel time series was corrected for global BOLD signal 

fluctuations (Macey et al., 2004). A spike detection algorithm was also used to identify 

BOLD contrast images with intensities exceeding 2.5 standard deviations from the mean 

across the time series (Vaden et al., 2010), saved as two binary nuisance regressors (possible 

spikes in 4.5 ± 1.1% of the images across subjects). Head position vectors (three rotation and 

three translation), obtained using SPM12 motion correction, were transformed into a pair 

of nuisance regressors for head motion based on the Pythagorean Theorem, and first order 

derivatives were calculated for head motion across BOLD contrast images (Kuchinsky et al., 

2012; Wilke, 2012; http://www.nitrc.org/projects/pythagoras). Each of the spike detection 

and head motion vectors were entered as nuisance regressors for the fMRI analyses.

2.7. GLM-based fMRI analysis

Multiple regression analyses were performed using a general linear model (GLM, Model 

#3) in SPM12 software to examine experiment effects related to task performance and SNR 

manipulations (e.g., Erb et al., 2013; Vaden et al., 2013). The BOLD contrast was modeled 

by convolution of the hemodynamic response function for each SNR condition (+3 dB SNR 

and +10 dB SNR trials), which included a parameter for correct or incorrect responses.

2.8. GLMM-based fMRI analysis

Regression analyses were performed using a generalized linear mixed model (GLMM) to 

characterize associations between pre-stimulus BOLD contrast and the likelihood of correct 

word recognition (e.g., Vaden et al., 2013, Vaden et al., 2015) [R Statistics software, 

version 3.3.1; R-packages: lme4, version 1.1–17; ImerTest version 3.1–2]. Voxel-level 

BOLD contrast measurements prior to each word presentation were normalized for each 

SNR condition (M = 0, sd = 1). The GLMM equation specified correct or incorrect word 

recognition (Wt) on each trial (t) as a function of SNR condition (SNRt) and BOLD contrast 

prior to the presentation (BOLDt-1), as well as an interaction term (SNRt × BOLDt-1) and 

random subject effects (1|SUB), which can be expressed as: (Model #4) Wt = SNRt + 
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BOLDt-1 + SNRt × BOLDt-1 + (1|SUB) + error. Subject-level effects of pre-stimulus BOLD 

contrast on speech recognition were confirmed by performing an equivalent GLM logistic 

regression analysis in each voxel: Wt = SNRt + BOLDt-1 + SNRt × BOLDt-1 + error, which 

also simplified the examination of individual differences.

Group level statistic maps from the GLM and GLMM based regression analyses were 

corrected for multiple comparisons across the whole brain, based on an uncorrected voxel 

statistic threshold (p = 0.001) in combination with a family-wise error corrected cluster 

extent threshold (PFWE = 0.05), using SPM12 and FMRISTAT (Worsley, 2006) respectively.

2.9. Perceptual decision-making model

The perceptual decision-making predictions were tested using the Shifted Wald model, 

described in the Introduction, which fits a probability density distribution to the response 

latency (speech onset) data from participant responses (Anders et al., 2016; Anders et al., 

2015). Simulation tests performed by Anders et al. (2016) showed that this approach can 

accurately estimate non-decision time (θ), accumulation rate (γ), and criteria (α) parameters 

with sample sizes similar to the current study. After fitting the Shifted Wald model to 

speech onset times to estimate decision-making parameters in each SNR condition for each 

participant, the parameter estimates were entered into a GLMM-based regression analysis 

to test predictions that SNR conditions affect evidence accumulation, decision criteria, and 

non-decision times during word recognition (Model #5).

Elevated cingulo-opercular activity prior to word presentations was predicted to lead to 

higher, more cautious criteria and more accurate word recognition, based on previously 

observed associations between decision criteria and activity (Forstmann et al., 2010; Mulder 

et al., 2014). The hypothesis that pre-stimulus cingulo-opercular activity is associated with 

decision criteria was tested based on two additional analyses. The first test examined 

individual differences in the Shifted Wald model estimates from Model #5 (above) 

and cingulo-opercular adaptive control results from Model #4 (above), to determine the 

extent to which participants with higher, more cautious decision criteria also show larger 

word recognition benefit from pre-stimulus cingulo-opercular activity (Model #6). First, 

cingulo-opercular regions of interest were functionally defined based on the significant 

predictive effect of BOLD on percent correct word recognition from Model #4 that typically 

demonstrates cingulo-opercular effects. This cingulo-opercular result was found to include 

three distinct anatomical regions in frontal cortex (see Results), which were analyzed 

individually as regions of interest. The adaptive control variable for each participant 

averaged the regression estimates (i.e., betas) from Model #4, within the functionally defined 

cingulo-opercular regions. Because the betas represented BOLD effects on word recognition 

accuracy (i.e., correct and incorrect trials), these were statistically independent from Shifted 

Wald model estimates calculated from response latencies that were exclusively from correct 

trials.

A second test was performed to characterize the extent to which decision criteria were 

related to cingulo-opercular function based on BOLD time series (Model #7). The Shifted 

Wald parameters were estimated within each SNR for onset latencies on trials preceded by 

high or low BOLD contrast (Vaden et al., 2020; K.I. 2015, 2013). For each participant, high 
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pre-stimulus cingulo-opercular activity was defined by above-average BOLD contrast, while 

low activity was below-average BOLD contrast, again from within the cingulo-opercular 

regions that exhibited pre-stimulus associations with accuracy across the sample from Model 

#4. A GLMM-based regression was then used to test for significant Shifted Wald model 

parameter differences across high and low BOLD trials, while controlling for SNR-related 

effects.

3. Results

3.1. Word recognition in noise task performance

Word recognition in noise accuracy was significantly higher in +10 than +3 dB SNR 

[Z = 14.76, df = 3524, p < 0.001] and significantly poorer with increasing participant 

age2 [Z = −2.74, df = 27.93, p = 0.006] (Model #1). Model fit was not significantly 

improved by including an interaction between participant age and SNR to predict correct 

word recognition [Chi-square = 1.56, p = 0.21]. Speech onset latencies were significantly 

shorter in the +10 than +3 dB SNR [Z = −3.78, df = 26.63, p = 0.0002] and significantly 

longer with increasing participant age [Z = 2.10, df = 26.05, p = 0.04] (Model #2). The Age 

× SNR interaction was significant for speech onsets [Z = −2.29, df = 28.84, p = 0.02], which 

reflected significantly longer onsets with increasing age in the +3 dB SNR [Z = 2.41, df = 

26.28, p = 0.02] but not in the +10 dB SNR [Z = 1.73, df = 25.97, p = 0.08]. Both task 

performance measures are plotted for each SNR condition in Fig. 3A–B.

3.2. Perceptual decision-making in different SNR conditions

All three perceptual decision-making parameters of the Shifted Wald model (Anders et al., 

2016) were significantly affected by SNR condition (Model #5), as seen in Fig. 3. Decision 

criteria (α) were significantly lower (less cautious responding) with lower SNR [+3 dB 

SNR: α = 39.9 ± 17.8; +10 dB SNR: α = 50.8 ± 23.0; Z = −2.14, df = 27, p = 0.03]. 

Significantly lower decision criteria in the +3 dB SNR trials compared to +10 dB SNR trials 

would allow faster decisions by collecting less evidence before word recognition occurred in 

the harder SNR condition, consistent with a speed emphasis (Fig. 3C). Meanwhile, higher 

decision criteria in the +10 dB SNR trials would allow more accurate decisions based on 

more information than if lower criteria were used (i.e., accuracy emphasis). Information 

accumulation (γ) was also significantly slower in the lower SNR [+3 dB SNR: γ = 0.11 ± 

0.03; +10 dB SNR: γ = 0.13 ± 0.04; Z = -2.57, df = 27, p = 0.01], indicating that evidence 

supporting word recognition was gathered more slowly for noisier speech presentations (Fig. 

3D). Non-decision times (θ) were also significantly longer in the lower SNR condition [+3 

dB SNR: θ = 213.0 ± 154.5; +10 dB SNR: θ = 139.5 ± 156.0; Z = 2.32, df = 27, p = 0.02], 

suggesting a combination of slower sensory and motor processing for clearer speech (Fig. 

3E).

Model testing indicated that neither age effects nor Age × SNR interactions significantly 

improved model fit for the accumulation rate or decision criteria parameters [Chi-square ≤ 

2.11, p ≥ 0.15]. However, there was a significant Age × SNR interaction for the non-decision 

2Degrees of freedom for the GLMM results were calculated using Satterthwaite approximation.
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times [Z = −2.83, df = 26, p = 0.004], which reflected longer non-decision times with 

increasing age on +3 dB SNR trials [Z = 1.99, df = 26, p = 0.05] but not the +10 dB SNR 

trials [p = 0.45]. Because nondecision times represent sensory and motor processes, this 

could reflect age-related slowing in either process (or both processes) in the more difficult 

SNR. Together, the Shifted Wald model results indicate that SNR was associated with 

significant changes in perceptual decision-making processes. Next, we return to associations 

between Shifted Wald model parameters and neuroimaging measures (Models #6 and #7).

3.3. Neuroimaging results related to task events and performance

Results from the GLM-based regression analyses showed significant BOLD contrast 

effects related to the word recognition task and SNR conditions (Model #3), which are 

detailed in Table 1 and Fig. 4. Briefly, auditory and cingulo-opercular regions showed 

significantly elevated BOLD contrast during the word recognition task trials, relative to the 

implicit baseline. Cingulo-opercular regions and bilateral superior temporal sulci showed 

significantly higher BOLD contrast for the +3 dB SNR compared to +10 dB SNR. Cingulo-

opercular regions also showed significantly higher BOLD contrast for word recognition 

errors. Smaller, significant clusters with error-related increases in BOLD contrast were 

also observed in the left caudate, left superior temporal sulcus, and left middle frontal 

gyrus. These results replicate commonly observed effects of lower intelligibility and word 

recognition errors for cingulo-opercular activity (Eckert et al., 2009; Erb et al., 2013; Peelle, 

2017; Wild et al., 2012; Zekveld et al., 2006).

3.4. Cingulo-opercular adaptive control effects on word recognition

Results from the GLMM-based regression analysis (Model #4) showed significant effects 

of pre-stimulus cingulo-opercular BOLD contrast on word recognition, in addition to the 

effects of the SNR manipulation on recognition accuracy (Table 1, Fig. 4D). Specifically, 

prestimulus BOLD contrast in the dorsal cingulate, left frontal operculum, and bilateral 

anterior insula showed a significant association with subsequent word recognition accuracy. 

The pre-stimulus BOLD effects on recognition did not interact significantly with SNR, 

based on nonsignificant cluster sizes [extent ≤ 3 voxels, pFWE ≥ 0.98]. These results 

replicate earlier observations that pre-stimulus activity is associated with increased 

likelihood for a correct response (Vaden et al., 2020; Vaden et al., 2015, Vaden et al., 2013). 

Standard estimates (i.e., betas) for the pre-stimulus BOLD effects on word recognition were 

averaged for each participant within each of the significant cingulo-opercular regions to 

interrogate reasons for these effects. Participant age was not significantly associated with 

individual differences in the adaptive control effects, based on the pooled betas [p > 0.37].

A control analysis that modified Model #4 by including only trials that immediately 

followed correct word recognition showed significant associations between pre-stimulus 

BOLD and correct word recognition within each of the cingulo-opercular regions (Table 1), 

which suggests these effects do not depend on error-related activity from preceding trials 

(Vaden et al., 2015, Vaden et al., 2013).
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3.4. Individual differences in adaptive control and decision criteria

Evidence that decision criteria were adjusted to optimize task performance came from 

individual differences in the decision critieria and prestimulus BOLD effects on word 

recognition (Fig. 5A–B, Model #6). BOLD effects on subsequent word recognition (betas) 

pooled within the dorsal cingulate region were significantly higher for participants with 

more cautious decision criteria [both SNR: r = 0.47, df = 26, p = 0.01; +3 dB SNR: r 
= 0.54, df = 26, p = 0.003; +10 dB SNR: r = 0.24, df = 26, ns]. The cingulate betas 

were not significantly related to individual differences in accumulation rate [p = 0.30] nor 

non-decision time [p = 0.65]. Betas from the other cingulo-opercular regions were not 

associated with decision criteria estimates for each subject [p > 0.89]. Thus, participants 

who responded more cautiously exhibited stronger effects of dorsal cingulate activity on 

word recognition.

3.5. Pre-stimulus activity and ongoing decision criteria changes

Trial-level changes in decision criteria were also tested for each cingulo-opercular region of 

interest based on the Shifted Wald model, which was fitted to response latencies for high 

or low pre-stimulus BOLD contrast trials for each SNR condition (Fig. 5C; Model #7). 

Decision criteria were significantly higher on trials with high compared to low prestimulus 

BOLD contrast in the left insula/frontal operculum [change in α = 9.32 ± 15.6; Z = 2.72, 

df = 82, p = 0.008] and in the right insula [change in α = 7.16 ± 19.5; Z = 2.01, df= 

82, p = 0.048]. Pre-stimulus BOLD contrast in the dorsal cingulate was not significantly 

associated with trial-level decision criteria changes [p = 0.84]. The significant associations 

between pre-stimulus BOLD and decision criteria suggest that higher pre-stimulus cingulo-

opercular activity shifted decision criteria, so that more evidence was collected before word 

recognition. In other words, cingulo-opercular activity appears to benefit speech recognition 

accuracy in background noise by raising decision criteria.

4. Discussion

Adaptive control is characterized by elevated pre-stimulus activity in cingulo-opercular 

regions that is associated with subsequent improvements in task performance. The results 

of this study support the premise that a shift in decision criteria is one mechanism 

underlying cingulo-opercular adaptive control during speech recognition in noise. Lower 

decision criteria were observed during word recognition in the poorer SNR, which was 

also associated with slower evidence accumulation and longer non-decision times. Those 

perceptual decision-making changes have been observed for other types of auditory and 

visual stimuli that were degraded or presented in challenging task conditions (e.g., Anders 

et al., 2016; Ben-David et al., 2014; Bode et al., 2018; Hanks and Summerfield, 2017; 

Tillman et al., 2017). The finding that decision criteria were lower for trials with poorer 

speech intelligibility suggests that recognition occurred more quickly to offset effects of 

slower evidence accumulation and non-decision times. Participants may notice slow-downs 

in performance when the SNR decreases and lower their threshold to maintain an acceptable 

response rate. This is also consistent with a strategy that emphasizes response speed in the 

poorer SNR and response accuracy in the better SNR, where there may be more evidence to 

collect.
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We also replicated findings that pre-stimulus cingulo-opercular activity is associated with 

correct word recognition in noise (Vaden et al., 2015, Vaden et al., 2013). Our novel 

findings linked pre-stimulus cingulo-opercular activity to raised decision criteria, based on 

a Shifted Wald model fitted to response latencies (Anders et al., 2016). Dorsal cingulate 

activity appeared to predict word recognition accuracy and more cautious responding for 

correct responses. More cautious responses allow for more information to be collected while 

listeners choose the most likely response, which was more likely to occur on trials with 

increased pre-stimulus anterior insula and opercular activity.

Elevated cingulo-opercular activity is commonly observed during difficult speech 

recognition tasks (Adank, 2012; Zekveld et al., 2012), which is thought to reflect 

performance monitoring in difficult task conditions with recognition errors (Erb et al., 

2013; Vaden et al., 2013). This response appears to occur when there is utility in adjusting 

behavior to optimize performance (Eckert et al., 2016), in part because cingulo-opercular 

activity drops off when a task is easy or when performance is impossible (e.g., Reuter-

Lorenz and Cappell, 2008; Reuter-Lorenz and Lustig, 2005). We previously observed that 

cingulo-opercular activity benefits task performance for speech recognition in noise (Vaden 

et al., 2013, 2016; Vaden et al., 2015), memory encoding for speech understood in noise 

(Vaden et al., 2017), and gap detection in noise (Vaden et al., 2020). Similarly, pre-stimulus 

cingulo-opercular BOLD contrast was significantly associated with correct word recognition 

in the present study.

With respect to the implementation of adaptive control during difficult speech recognition 

tasks, the results of the current study suggest that the pre-stimulus cingulo-opercular 

adaptive control effect includes decision criteria adjustments. The word recognition benefit 

from elevated pre-stimulus cingulo-opercular activity was larger for participants with higher 

compared to lower decision criteria. That is, participants whose dorsal cingulate activity 

predicted correct recognition on the next trial also showed evidence of more cautious 

responding (only for +3 dB SNR when tested separately), based on criteria differences 

derived from response latencies. The specificity of the current findings to anterior insula-

operculum or dorsal cingulate may reflect that cingulo-opercular regions are functionally 

heterogeneous (Menon and D’Esposito, 2022) and appear sensitive to a wide-range of 

task and reward-related information (Horst and Laubach, 2012). Indeed, even in the 

current study, cingulo-opercular BOLD activity showed spatial and temporal differences 

in relation to SNR conditions, word recognition errors, and subsequent word recognition. 

Dorsal cingulate activity has been shown to affect response caution (Bogacz et al., 2010; 

Mulder et al., 2014), which supports a hypothesized braking function through interactions 

with the basal ganglia (Cavanagh et al., 2011). In the current study, this putative braking 

function could explain how participants implement slower and more cautious responding to 

emphasize response accuracy (Van Maanen et al., 2011).

Individual differences in adaptive control and response caution effects were not seen in 

bilateral anterior insula and frontal operculum, but the magnitude of increased pre-stimulus 

activity in both regions was significantly associated with more cautious responding on a 

trial-to-trial basis. While increased activity for cautious response selection and response 

inhibition (Aron et al., 2003; Forstmann et al., 2008; Hughes et al., 2013) would be expected 
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during a high criterion trial when long reaction times are observed (Binder et al., 2004), 

elevated pre-stimulus activity in insula/opercula regions may provide feedback to the dorsal 

cingulate to inform value-based calculations and alter decision criteria. Depth electrode 

recordings have shown that anterior insula computes prediction error (expected versus actual 

outcome) and appears to communicate this error to dorsal cingulate (Billeke et al., 2020). 

Thus, anterior insula, and perhaps the frontal operculum, appear to contribute to trial-to-trial 

confidence-weighting (Braun et al., 2018) or expectation about the relative difficulty of the 

next trial so that changes in response caution could be implemented (Urai et al., 2017) to 

optimize accuracy. The current results suggest that the extent of change in response caution 

depends on the extent of the prediction error coded in the anterior insula.

The current study links pre-stimulus activity changes to decision criteria during speech 

recognition for the first time, suggesting that cingulo-opercular cortex can adjust decision-

making, in addition to attention and behaviors, to optimize task performance (Eckert et al., 

2016). Our finding accords with mid-frontal EEG activity measures that were related to 

response confidence, as well as subsequent criterion changes during a visual judgment task 

(Desender et al., 2019). Sensitivity to pre-stimulus cingulo-opercular effects on decision 

criteria may have been enhanced from the block design in the current study, which presented 

four to six consecutive trials in each SNR. This design allowed participants to recognize 

the change in SNR and modify decision criteria. For example, a consistently better SNR, 

which provided a shorter nondecision time and a faster accumulation rate, allowed for 

more flexible decision criteria. Participants were able to raise their criteria to optimize 

performance in the better SNR condition or capitalize on the relatively easier condition 

to optimize overall word recognition. An event-related design with unpredictable SNR 

conditions and a limited response interval could limit listeners’ ability to alter their decision 

thresholds. One drawback to the mixed-block design in the current study was that the small 

number of correct recognition trials following a different SNR did not allow effects related 

to preceding SNR conditions (e.g., same or different) to be characterized. Manipulating 

the predictability of task demands by varying the duration for a given SNR, instructing 

participants to favor a speeded response over accuracy (Van Maanen et al., 2011), or varying 

response intervals may allow the flexibility of decision thresholds to be evaluated in future 

studies.

Age-related differences in cingulo-opercular activation have been observed in difficult 

speech recognition tasks with younger and older adult participants (Erb and Obleser, 2013; 

Harris et al., 2009; Vaden et al., 2015). Even though cingulo-opercular adaptive control 

was significantly related to speech recognition for middle-aged and older adults, this trial-

level effect did not explain age-related differences in speech recognition in this study. 

Non-decision times in the poorer SNR were significantly longer with increasing age in 

the current study, which is consistently observed across numerous studies (Ben-David et 

al., 2014; Ratcliff et al., 2004). However, longer non-decision times are thought to reflect 

a combination of sensory and motor processes (Anders et al., 2016) and did not explain 

the association between speech recognition and participant age in this cross-sectional 

study. The limited age-related differences in perceptual decision-making, despite age-related 

speech recognition differences, suggest that these processes can facilitate performance 

independent of age-related effects on speech recognition to some degree. Our results 
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indicated that middle-aged and older adults did not maintain cautious decision criteria 

across SNR conditions, although age-related criteria differences may be limited to specific 

task conditions that emphasize response speed (e.g., Ratcliff et al., 2004). Decision criteria 

may be adjusted to stabilize performance at an optimal level for a listenerbased on their 

motivation, uncertainty, and value from correctly understanding words in noise (Desender et 

al., 2019; Eckert et al., 2016; Shenhav et al., 2013; Yee et al., 2021).

There were fewer correct response latencies fitted with the Shifted Wald model for older 

participants due to their poorer scores. Response latencies from incorrect trials are typically 

excluded, because of distributional differences and under-sampling (Anders et al., 2016; 

Anders et al., 2015). This issue may have limited statistical sensitivity to age-related 

differences in decision criteria or accumulation rates. Despite this limitation, significant 

SNR-related effects and cingulo-opercular effects were observed for perceptual decision-

making processes modeled using this approach. We statistically controlled for SNR and 

performance effects on pre-stimulus activity, however we did not identify what drove the 

pre-stimulus activity changes. For example, it is possible that participants were uncertain 

about their correct response because no feedback was provided, and this produced elevated 

cingulo-opercular activity that predicted changes in criteria and word recognition. Although 

it is unclear what factors influenced pre-stimulus cingulo-opercular activity (e.g., response 

uncertainty; Desender et al., 2019), potential SNR and performance influences were 

statistically controlled for while characterizing adaptive control effects for understanding 

speech.

Conclusion

Perceptual decision-making, and specifically an elevated decision criterion, is one 

explanation for the cingulo-opercular adaptive control effect on word recognition. More 

cautious responding enables listeners to optimize their speech understanding despite the cost 

of taking more time to respond (Drugowitsch et al., 2012). Taking more time to understand 

can be costly in conversation, when a listener could fall behind or lose the thread - common 

complaints for older adults, especially with hearing loss. Cingulo-opercular regions exhibit 

structural declines with increasing age and poor health (Eckert et al., 2010; Fjell et al., 

2009; Hahm et al., 2019) and less adaptive control is observed with increasing age (Vaden 

et al., 2015). More research is needed to determine the extent to which decision criteria 

flexibility, and perceptual decisionmaking more broadly, change with increasing age and 

have detrimental consequences for the ability to adapt to changing listening conditions.
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Fig. 1. 
Better ear pure-tone thresholds for each participant are shown with 25% quantiles (shaded 

regions). The median threshold at each frequency for the study participants is indicated with 

a dark gray line. The purple line shows the exclusion cutoff threshold at each frequency 

based on a modified Articulation Index calculation (Dubno et al., 2008), which minimized 

effects related to audibility differences (described in the text).
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Fig. 2. 
A) During the sparse acquisition fMRI experiment, each word was presented between scans 

at +3 or +10 dB SNR in multitalker babble. The crosshair onscreen changed color from 

white to red to visually cue the response interval (4.1 to 6.1 s). B) A mixed block design was 

used, with 60-word recognition trials in the +3 dB SNR and 60 trials in the +10 dB SNR, 

which were presented in alternating sets of four to six trials. There were no cues presented 

for SNR condition or task feedback. There were 7 TRs o f rest before and after each block of 

task trials. A continuous multitalker babble was presented throughout the speech recognition 

task blocks and preceded each block by two TRs (black).
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Fig. 3. 
During the speech recognition in noise task, performance and perceptual decision-making 

showed significant SNR-related differences. Relative to the +10 dB SNR condition, the 

+3 dB SNR was associated with A ) lower percent correct word recognition (Model #1), 

B) longer average speech onset times (Model #2), C) lower decision criteria (alpha), D) 

slower evidence accumulation (gamma), and E) longer non-decision times (theta; Model #5). 

Participant-level SNR differences in F-J are shown below the corresponding values in A-E, 

calculated by subtracting values in the +3 dB SNR from the +10 dB SNR. The Shifted Wald 

model parameter estimates are plotted in arbitrary units (AU) on the y-axes.
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Fig. 4. 
A) The word recognition task significantly increased activity throughout superior temporal 

regions and cingulo-opercular regions of cortex. B) Lower SNR was associated with higher 

BOLD contrast in cingulo-opercular regions, as well as posterior superior temporal sulci. 

C) On trials with recognition errors, there was significantly increased BOLD contrast in 

cingulo-opercular regions and left dorsolateral prefrontal cortex (Model #3). D) Elevated 

cingulo-opercular BOLD contrast prior to a word presentation was also associated with 

increased likelihood for correct word recognition in noise (Model #4). The colored voxels 

in each subplot show significant BOLD effects. A voxel statistic threshold of Z = 3.09, 

uncorrected p = 0.001 was used in combination with a Family-Wise Error corrected p < 0.05 

extent threshold, such that significant clusters included more than 20 voxels.
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Fig. 5. 
A) The Shifted Wald model showed that participants used significantly higher decision 

criteria in combination with faster accumulation rates and shorter non-decision times 

in the +10 dB SNR compared to the +3 dB SNR. Model parameter estimates were 

averaged for each SNR across participants for this illustration, with activation shown in 

model-based arbitrary units on the y-axis and time in milliseconds on the x-axis (Model 

#5). B) Participants with higher, more cautious decision criteria across SNR conditions 

demonstrated greater word recognition benefit from pre-stimulus BOLD contrast (x-axis: 

BOLD-related increase in percent word recognition; y-axis: decision criteria values in 

arbitrary units). The dorsal cingulate region (red) demonstrated a significant association 

between larger prestimulus activity effect sizes and higher criteria. Fitted regression 

estimates indicated that on average correct recognition was 6.0 ± 8.0% higher for trials with 

high pre-stimulus dorsal cingulate activity (top 25% normalized BOLD contrast) compared 

to low pre-stimulus activity (bottom 25%; Vaden et al., 2013; Model #6). C) Trials with high 

pre-stimulus BOLD contrast in the left frontal operculum and bilateral insula (shown in red) 

yielded significantly more cautious criteria, compared to trials with low pre-stimulus BOLD 

contrast. Subject-level criteria differences for high versus low pre-stimulus BOLD are shown 

in descending order (y-axis: estimated criteria differences, arbitrary units; x-axis: individual 

participants; Model #7).
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