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Abstract

Correctly understood speech in difficult listening conditions is often difficult to remember. A long-

standing hypothesis for this observation is that the engagement of cognitive resources to aid 

speech understanding can limit resources available for memory encoding. This hypothesis is 

consistent with evidence that speech presented in difficult conditions typically elicits greater 

activity throughout cingulo-opercular regions of frontal cortex that are proposed to optimize task 

performance through adaptive control of behavior and tonic attention. However, successful 

memory encoding of items for delayed recognition memory tasks is consistently associated with 

increased cingulo-opercular activity when perceptual difficulty is minimized. The current study 

used a delayed recognition memory task to test competing predictions that memory encoding for 

words is enhanced or limited by the engagement of cingulo-opercular activity during challenging 

listening conditions. An fMRI experiment was conducted with twenty healthy adult participants 

who performed a word identification in noise task that was immediately followed by a delayed 

recognition memory task. Consistent with previous findings, word identification trials in the 

poorer signal-to-noise ratio condition were associated with increased cingulo-opercular activity 

and poorer recognition memory scores on average. However, cingulo-opercular activity decreased 

for correctly identified words in noise that were not recognized in the delayed memory test. These 

results suggest that memory encoding in difficult listening conditions is poorer when elevated 

cingulo-opercular activity is not sustained. Although increased attention to speech when presented 

in difficult conditions may detract from more active forms of memory maintenance (e.g., sub-

vocal rehearsal), we conclude that task performance monitoring and/or elevated tonic attention 

supports incidental memory encoding in challenging listening conditions.
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Introduction

Poor recall of words occurs in difficult listening conditions, such as in background noise, 

even when those words were understood (Murphy et al., 2000; Pichora-Fuller et al., 1995; 

Rabbitt, 1968; Ward et al., 2016). One explanation for poor recall of speech in noise is that 

attention is diverted away from memory encoding to help extract the speech signal from 

noise, at least for serial recall tasks (Heinrich et al., 2008; Rabbitt, 1991, 1968; Tun et al., 

2009; Wild et al., 2012). For example, increased cingulo-opercular cortex activity is 

frequently observed during speech identification tasks (Eckert et al., 2009; Erb and Obleser, 

2013; Harris et al., 2009; Vaden et al., 2013). The limited neural resource hypothesis would 

predict that this attention-related activity results in poorer memory encoding in challenging 

listening conditions. However, elevated cingulo-opercular activity is consistently associated 

with successful recall when memory encoding occurs in less perceptually demanding 

conditions (Kim, 2011; Spaniol et al., 2009). We examined the extent to which the 

engagement of cingulo-opercular cortex during a word identification in noise task was 

associated with relatively better or worse recognition memory1.

Cingulo-opercular activity is pronounced during word identification in noise tasks (Eckert et 

al., 2009; Harris et al., 2009; Erb and Obleser, 2013; Wild et al., 2012; see meta-analyses 

and reviews: Adank, 2012; Eckert et al., 2016). These anatomically distinct cingulo-

opercular regions are differentially sensitive to errors and response uncertainty (mid-

cingulate; Ullsperger and von Cramon, 2004), response selection demands (left inferior 

frontal gyrus; Thompson-Schill et al., 1997; Goghari and Macdonald, 2005; Moss et al., 

2005), autonomic responses (insula; Cechetto, 2014), and inhibition (right inferior frontal 

gyrus; Aron et al., 2003; Aron, 2007; Hughes et al., 2013). Together, these diverse functions 

could be integrated to provide adaptive control, which consists of performance monitoring 

and flexible modifications of attention and behavior.

An adaptive control framework for cingulo-opercular function is supported by evidence of 

consistently elevated cingulo-opercular activity across varied perceptual and response 

demands of different tasks (Dosenbach et al., 2006). Activity increases following response 

errors and uncertainty, when the benefit from adaptive control (Shenhav et al., 2013) is not 

restricted by conditions that result in particularly poor or good performance (Eckert et al., 

2016; Poldrack et al., 2001; Zekveld et al., 2006). Consistent with this framework, elevated 

cingulo-opercular activity has been associated with subsequent improvements in task 

performance (Botvinick et al., 2004; Carter et al., 2000, 1998; Eichele et al., 2008; Kerns et 

al., 2004; Sheth et al., 2012), including word identification in noise (Vaden et al., 2015, 

2013). Complementing the premise that cingulo-opercular functions optimize task 

performance, attentional lapses that occur with lower cingulo-opercular activity have been 

associated with a subsequent increase in the likelihood of response errors (Eichele et al., 

2008; Weissman et al., 2006).

1To limit terminology confusion, word identification refers to understanding aurally presented words and recognition memory refers 
to familiarity-memory for an item after a delay of minutes or longer between presentation and memory test.
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Cingulo-opercular engagement during memory encoding has also been consistently linked to 

successful recognition memory in neuroimaging studies (see two large-scale meta-analyses: 

Kim, 2011; Spaniol et al., 2009). Specifically, cingulo-opercular activity has been shown to 

increase during the encoding phase for items that were correctly remembered in delayed 

recognition memory tests. Together with observations that lateral prefrontal cortex lesions 

impair associative memory and limit the use of common memory strategies, these findings 

support the proposal that prefrontal cortices engage attention control to enhance processing 

of task-relevant information and memory formation (Blumenfeld and Ranganath, 2007).

The existing evidence on memory encoding and memory for speech in noise sets up 

competing predictions for the role of attention, as reflected in cingulo-opercular activity. On 

the one hand, cingulo-opercular activity during encoding has been linked to both 1) correct 

word identification in noise on a trial-by-trial basis (Vaden et al., 2013) and 2) successful 

memory encoding of items in recognition memory tasks, albeit in the absence of perceptual 

difficulty manipulations (Kim, 2011; Spaniol et al., 2009). Taken together, this evidence 

predicts that increased cingulo-opercular activity benefits memory encoding for correctly 

identified words in noise through changes in tonic attention and behavior that support speech 

understanding. On the other hand, observations that listening to speech in noise results in 

both 1) elevated cingulo-opercular activity (Eckert et al., 2009; Harris et al., 2009; Erb and 

Obleser, 2013; Wild et al., 2012) and 2) poorer serial recall (Heinrich et al., 2008; Rabbitt, 

1991, 1968; Tun et al., 2009) could also indicate that increased attention required to aid 

speech understanding limits the resources available for memory encoding. Under this view, 

increased cingulo-opercular activity for words identified in noise would be predicted to 

result in poorer memory encoding.

To date, there is no direct evidence that increased attention-related cingulo-opercular activity 

accounts for poorer memory for speech in noise. Moreover, there is extensive neuroimaging 

evidence from delayed recognition memory studies supporting the opposite conclusion. We 

predicted that elevated cingulo-opercular activity during correct word identification in noise 

improves memory encoding, resulting in better delayed recognition memory task 

performance. Because cortical attention systems are often engaged variably across trials 

despite consistent task demand, this prediction also means that failures to engage or 

maintain attention (i.e., lapses in cingulo-opercular activity) could result in poorer memory 

encoding.

Materials and methods

During two consecutive fMRI runs, participants performed a word identification in noise 

task (Task 1: 25 m 48 s) that was immediately followed by a delayed recognition memory 

task (Task 2: 21 m 30 s). Neuroimaging data from Task 1 were analyzed to examine changes 

in activity during the word identification in noise task (i.e., during memory encoding) that 

were associated with delayed recognition memory. Although neuroimaging data from Task 2 

was not a focus of the current study, the Task 2 memory hits or misses were used in the 

functional imaging analyses of Task 1 words that were correctly identified.
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Results from the signal-to-noise ratio (SNR) conditions during word identification (Task 1) 

were previously reported in Vaden et al. (2013). The neural memory encoding effects during 

Task 1 and delayed recognition memory results (Task 2) are the focus of the current study, 

and have not been reported previously. Additional details about the Task 2 method and 

results are presented in the Supplementary Materials.

Participants

Twenty healthy, young adults (10 females, average age = 29.8 ± 5.9 years) with normal 

hearing participated in the current study. They were recruited as part of a larger study on 

age-related changes in hearing and communication. The final sample included 20 

participants, after excluding participants older than 41 years and one participant with noted 

movement in the scanner and related artifacts (e.g. ghosting). Pure-tone thresholds were 

measured with a Madsen OB922 audiometer and TDH-39 headphones (American National 

Standards Institute, 2004, 2010). Each participant had mean pure-tone thresholds < 12 dB 

HL from 500 to 2000 Hz (better ear), with less than 7 dB difference between right and left 

ears. All participants demonstrated normal immittance measures. The participants were all 

native English speakers, with an average of 16.4 ± 2.2 years of education (M ± SD). 

Handedness preference scores of 70.3 ± 48.0 indicated that the sample was largely right-

handed (possible range = -100, strongly left-handed, to 100, strongly right-handed; Oldfield, 

1971). None of the participants reported a history of neurological or psychiatric events. 

Informed consent was obtained in compliance with the Institutional Review Board at the 

Medical University of South Carolina (MUSC), and experiments were conducted in 

accordance with the Declaration of Helsinki.

Experimental design

Task 1: Word identification in noise—For Task 1, each participant was instructed to 

listen to a single monosyllabic word presented in multitalker babble and repeat the word out 

loud, or say “nope” if they could not recognize the word. The word recordings from a male 

talker were originally prepared by Dirks et al. (2001), and the multitalker babble recordings 

were from Kalikow et al. (1977). Each trial had an 8.6 s inter-trial interval (ITI), which was 

the length of time between consecutive scans in the sparse fMRI acquisition sequence. A 

word was presented 3.1 s into each trial during the relatively quiet period following the 

scanner offset. This design allowed for greater control over the SNR for the calibrated 

speech and babble stimuli than if the stimuli were presented in scanner noise. Words were 

presented through piezoelectric headphones (Sensimetrics) at 85 or 92 dB SPL with 

continuous babble presented at 82 dB SPL, which resulted in a +3 dB or +10 dB SNR. 

Words were presented in the same SNR for 4-6 consecutive trials, with a total of 60 words in 

each SNR across Task 1. Participant responses were recorded using an MRI-compatible 

microphone (Resonance Technology, Inc.), during an interval (4.1-6.1 s) cued by a crosshair 

that changed colors and was viewed through a headcoil-mounted periscope. The timing of 

the response interval was designed to reduce head motion during image acquisitions. The 

experimental block design included 2 epochs of word identification task trials (60 trials in 

each SNR), 3 rest epochs during which no sounds were presented (10 trials each), and 2 

epochs of multitalker babble with no task demands (15 trials each) to allow participants to 

habituate to the babble (shown in Figure 1, Vaden et al., 2013).
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Task 2: Delayed recognition memory—Instructions for Task 2 were given in the 

scanner immediately after the word identification task, which prevented rehearsal or other 

maintenance strategies that affect memory. Participants were instructed to listen to a word on 

each trial and respond with a button press to indicate whether they 1) remembered hearing 

that word, 2) did not remember hearing that word in the earlier task, or 3) could not 

understand the word, to disambiguate memory from speech intelligibility. On average, there 

was a 29 ± 2 min delay interval between presentations of each word for Task 1 and Task 2.

A total of 120 band-pass filtered words2 were presented at 87 dB SPL in quiet for the 

recognition memory task, so that words were the salient memory-related stimuli rather than 

multitalker babble from Task 1. The digital band-pass filter (BPF) applied to each word 

recording for Task 2 had a 200-Hz lower cutoff frequency and four upper cutoff frequencies 

(400, 1000, 1600, 3150 Hz). Thirty words were presented in each of the BPF conditions, 

with 28 words that were presented in Task 1 and two foil words that were not presented in 

Task 1. Words from each SNR condition were selected for the BPF conditions to maximize 

the number of correctly understood words across both tasks. From the 60 words previously 

presented in the more advantageous +10 dB SNR, Task 2 presented 28 words low-pass 

filtered at 1600 Hz and 28 words at 3150 Hz. From the 60 words presented in the less 

advantageous +3 dB SNR, Task 2 presented 28 low-pass filtered words at 400 Hz and 28 

words at 1000 Hz. Although the words were presented in conditions that made identification 

easier or more difficult in both Tasks 1 and 2, restricting the fMRI memory analyses to 

correctly understood words provided a means to test predictions about cingulo-opercular 

activity and delayed recognition memory, as described later. Words that were not correctly 

identified in Task 1 were treated as additional foils in our analyses because misidentification 

during Task 1 meant that participants had, in essence, never been exposed to these items. 

The addition of these foils (proportion of foils = 21 ± 6%) also more closely approximated a 

50-50 split of targets versus foils that is typically used for recognition memory tasks.

Recognition memory analysis—Signal detection theory measures were calculated to 

characterize the effects of the speech intelligibility manipulations on memory sensitivity and 

response bias. Memory responses from Task 2 (button presses to indicate: “remember” or 

“don't remember”) were analyzed to characterize the extent to which word identification 

during Task 1 affected the likelihood of delayed recognition memory for each word. For 

each participant, any word that was not responded to during either Task 1 or Task 2 was 

excluded from memory analyses. Word identification scores3 were used in conjunction with 

recognition memory responses to determine whether each response was a hit, miss, false 

alarm, or correct rejection. Memory hits, indicative of successful recognition memory, were 

defined by “remember” button responses for words that were correctly repeated in Task 1. 

Memory misses, indicative of words that were not recognized after the delay, were defined 

by “don't remember” responses for words that were correctly identified in Task 1. False 

2The purpose of the speech intelligibility manipulation was to characterize activity changes across a broad range of word identification 
scores, based on previous bandpass filter manipulations (Eckert et al., 2008; Harris et al., 2009). The current study focuses on memory 
encoding effects, but the intelligibility analyses and results for both tasks are included in the Supplementary Materials.
3Word identification responses from Task 1 were scored as correct only when words were repeated exactly as presented, and 
unintelligible or missing responses were excluded from the analyses. The two raters who scored participant responses were in 96.1% 
agreement, and each disagreement was resolved by listening to participant recordings from the experiment.
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alarms were defined by “remember” button responses and correct rejections were defined by 

“don't remember” responses for words that were either not presented or not correctly 

identified in Task 1 (i.e. foils).

Nonparametric estimates of sensitivity (A′) and bias (B″D) were used because they are more 

independent (Donaldson, 1992) and robust to differing or non-normal signal and noise 

distributions (Stanislaw and Todorov, 1999), compared to traditional parametric estimates 

(i.e., d′ and c). Sensitivity was estimated using A′, which can range from 0.5 for chance 

detection to 1 for perfect detection. Response bias was estimated using B″D, with 0 

representing no bias, B″D = -1 for the maximum false-positive bias, and B″D = 1 for the 

maximum false-negative bias (Donaldson, 1992).

Nonparametric statistical tests were performed to characterize SNR-related differences in 

memory sensitivity and bias, since parametric assumptions are unlikely to be met for these 

measures (Stanislaw and Todorov, 1999). Bootstrapping tests were used to resample 

sensitivity (A′) and bias (B″D) scores from the subjects for 10,000 iterations to compute 

bootstrapped 95% confidence intervals (BCI) for SNR-related differences (R version 3.3.1; 

R-package: boot, version 1.3.18).

Image acquisition—The imaging data were collected with a Siemens 3T Trio scanner 

with a 32-channel headcoil at the MUSC Center for Biomedical Imaging. The T1-weighted 

structural images were collected using an MPRAGE sequence with 160 slices, 256 × 256 

matrix, TR = 8.13 ms, TE = 3.7 ms, 8 degree flip angle, 1.0 mm slice thickness, and zero 

slice gap. Functional image data were collected (Task 1: 180 volumes, Task 2: 150 volumes) 

with a T2*-weighted sequence with single-shot echo-planar imaging (EPI), 36 slices, 64 × 

64 matrix, TR = 8.6 s, TE = 35 ms, 90 degree flip angle, acquisition time = 1647 ms, slice 

thickness = 3.0 mm, slice gap = 0, sequential order, GRAPPA-parallel imaging with 

acceleration factor = 2. The EPI sequence was designed to exclude four volumes (i.e. 

dummy scans) prior to data collection. The functional images consisted of 3 mm isomorphic 

voxels.

Image preprocessing—The Advanced Normalization Tools software (ANTS version 

2.1) was used to create a study-specific template that reflects the average space defined by 

the brains of the study participants (Avants and Gee, 2004). Each participant's anatomical 

T1-weighted image and coregistered functional images were spatially transformed to match 

the study template space using ANTS. Voxel coordinates for statistic peaks in Montreal 

Neurological Institute (MNI) space were also determined by using ANTS to spatially 

transform the study template to match the MNI template, then applying those 

transformations to statistical maps in the study template space.

Functional BOLD images collected during word identification in noise (Task 1) were 

preprocessed using SPM8 procedures (www.fil.ion.ucl.ac.uk/spm): realignment and 

unwarping, coregistration of functional images to the native T1 structural image, spatial 

normalization (ANTS), and spatial smoothing (Gaussian kernel with FWHM = 8 mm). 

Because the image data were spatially transformed prior to smoothing, all subject and group 

level image analyses were performed in the space of the study-specific template. Global 
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BOLD signal fluctuations were residualized from each voxel level BOLD time series 

(Macey et al., 2004). Four nuisance regressors were entered into the General Linear Model 

(GLM) to summarize three-dimensional head position and movements based on the 

application of the Pythagorean Theorem to SPM motion correction output (Kuchinsky et al., 

2012; Wilke, 2012; http://www.nitrc.org/projects/pythagoras).

Image analyses—Whole brain subject-level regression analyses were performed using a 

general linear model (SPM8 software) to identify changes in BOLD contrast during the Task 

1 memory encoding for words identified in noise. Separate GLMs were performed so that 

we could appropriately estimate variance attributed to memory-misses or memory-hits 

(Mumford et al., 2015). Each GLM was used to predict BOLD contrast based on events that 

were convolved with the hemodynamic response function (HRF) for: 1-2) word 

presentations in +3 and +10 dB SNR; 3) babble trials with no task demands; and 4) 

transitions between blocks of task trials and trials with no task demands (i.e. salient 

transitions). For each SNR condition, a parametric modulator was included for correct or 

incorrect word identification in Task 1. Similarly, separate parametric modulators were 

included for memory-hits (1 hit, 0 non-hit) and memory-misses4 (1 miss, 0 non-miss) during 

Task 2. For example, the memory-misses variable was entered last in the GLM when 

examining the degree to which misses were related to brain activity. Thus, these analyses 

were designed to characterize activity changes during memory encoding for words that were 

later memory-hits or memory-misses with the other trials in each SNR condition as baseline, 

which were adjusted for effects related to incorrect responses and head motion (detailed 

above).

Group-level statistics were performed on the contrast maps produced by the subject-level 

GLMs to identify consistent BOLD contrast effects across participants. The contrasts 

generated from the word identification trial parameters included the following for each 

subject: 1) Hits > Misses, 2) Hits > Non-Hits, 3) Misses < Non-Misses. All of the group-

level statistic maps were submitted to an uncorrected voxel statistic threshold (Z = 3.09, 

pUNC = 0.001), then permutation tests were performed using BROCCOLI (Eklund et al., 

2014; https://github.com/wanderine/BROCCOLI) to determine the family-wise error 

corrected pFWE < 0.05 cluster threshold. The permutation method was chosen to identify 

significant clusters based on superior false positive error rate control compared to standard 

parametric tests (Eklund et al., 2016). Image processing, analysis methods, and fMRI results 

for Task 2 are presented in Supplementary Materials.

Results

The results from manipulating speech level and BPF in each task demonstrated that, as 

expected, lower SNR and lower BPF cutoff frequency was associated with poorer word 

identification and changes in cingulo-opercular activity (Supplementary Figures 1 and 2).

4Despite the complementary nature of hits and misses, 54% of the word identification task trials were neither hits nor misses on 
average (e.g. words that were not understood in Task 2), which limited the collinearity of the memory-hit and miss parameters.
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Noise effects on memory encoding

The memory sensitivity A′ results indicated that words encoded in the +10 dB SNR were 

correctly recognized (i.e. remembered) more often than words in the +3 dB SNR (+10 dB 

SNR: A′ = 0.86; +3 dB SNR: A′ = 0.64; SNR-difference bootstrap 95% BCI = [0.16, 

0.28]; see Figure 1). The results from the bias analysis demonstrated a conservative response 

bias regardless of SNR condition (+10 dB SNR: B″D = 0.83; +3 dB SNR: B″D = 0.84; 

SNR-difference bootstrap 95% BCI = [-0.09, 0.05]). This false negative bias indicates that 

subjects were more likely to respond that they did not remember a word, regardless of 

whether the word was previously correctly identified.

Cingulo-opercular activity effects on memory encoding

We tested the hypothesis that trial-level changes in cingulo-opercular activity during correct 

word identification (Task 1; i.e. encoding) were associated with recognition memory in Task 

2, following the delay. As shown in Table 1 and Figure 2, the results of the group-level test 

on the [Misses < Non-Misses] contrasts indicated that BOLD contrast in cingulo-opercular 

regions was significantly lower than baseline when a word was correctly identified, but not 

remembered after the delay. Post-hoc tests demonstrated that those regions exhibited lower 

BOLD contrast during miss trials [Misses < Non-Misses] for the +3 dB SNR and +10 dB 

SNR conditions, and that there was no significant difference in BOLD contrast between 

these conditions (+3 dB SNR: t (19) = -2.35, 95% BCI = [-4.03, -0.42]; +10 dB SNR: t (19) 
= -5.84, 95% BCI = [-7.66, -2.33]; SNR-difference: t (19) = 1.74, 95% BCI = [-1.51, 3.68]). 

Because lower cingulo-opercular activity was observed for correctly identified words that 

were not remembered following the delay, regardless of SNR, memory encoding was 

assumed to be poorer during lapses in cingulo-opercular activity. There were no significant 

clusters observed for memory hits [Hits > Non-Hits] or for memory hits compared to misses 

across SNR conditions [Hits > Misses]. No areas outside of the cingulo-opercular cortex 

exhibited significant changes in activation that related to subsequent recognition memory.

Discussion

The current study tested competing predictions that the engagement of attentional resources, 

reflected in increased cingulo-opercular activity, would either limit or support memory for 

speech understood in difficult listening conditions. The results demonstrated that lapses in 

cingulo-opercular activity during correct word identification in noise were associated with 

memory misses in the delayed recognition memory task. While cingulo-opercular activity is 

typically high during speech in noise tasks (Eckert et al., 2009; Erb and Obleser, 2013; 

Harris et al., 2009; Vaden et al., 2013), it is the variation in this elevated activity that was 

critical for testing the attentional resources hypothesis. The results are consistent with a large 

memory literature that has shown better memory encoding with increased cingulo-opercular 

activity. We conclude that speech is more susceptible to forgetting when support from 

cingulo-opercular cortex wanes in difficult listening conditions.

Large scale meta-analyses of delayed recognition memory results reveal that cingulo-

opercular activity is increased during encoding for memory hits versus misses (26 studies, 

Spaniol et al., 2009; 74 studies, Kim, 2011). The results of both meta-analyses indicate that 
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delayed recognition memory is more likely for items accompanied by elevated cingulo-

opercular activity during encoding. These memory encoding effects are more typically 

observed in the left inferior frontal cortex (Spaniol et al., 2009), particularly when encoding 

of verbal stimuli is compared to pictorial stimuli (Kim, 2011). The spatial pattern of these 

effects is consistent with the results from the current study.

While the current pattern of results is broadly consistent with previous findings that higher 

cingulo-opercular activity during the encoding phase is associated with a higher likelihood 

of successful recognition memory (Kim, 2011; Spaniol et al., 2009), our results were not an 

exact replication. Our results indicate that reduced cingulo-opercular activity during 

encoding was associated with poorer recognition memory for words that were previously 

identified in difficult multitalker babble listening conditions. We did not observe the 

predicted activity increases for words that were later memory hits nor the predicted activity 

differences for hits compared to misses. This subtle difference in the current findings from 

the extant recognition memory literature could reflect the sustained, elevated cingulo-

opercular activity that typically accompanies performance of a difficult word identification 

in noise task, including the current experiment. In other words, the speech SNR 

manipulation could have limited the upper range of cingulo-opercular activity that was 

predicted to relate to memory-hits during encoding. Memory studies often present words 

visually to limit perceptual demands during the encoding phase (e.g., Buckner et al., 2001; 

Otten et al., 2001; Clark and Wagner, 2003; Wimber et al., 2010).

Decreased cingulo-opercular activity in the current study could also reflect attention lapses 

(Eichele et al., 2008; Weissman et al., 2006) or drifting tonic attention (Coste and 

Kleinschmidt, 2016; Sadaghiani et al., 2009; Sadaghiani and D'Esposito, 2015) during the 

relatively long (26 min) word identification task, wherein a single word was presented every 

8.6 s to accommodate the sparse fMRI acquisition timing. A distraction interpretation is also 

consistent with evidence of poorer memory encoding of speech in noise when participants 

were cued to attend to a concurrent visual task (Wild et al., 2012).

The engagement of cingulo-opercular regions appears to support speech understanding in 

difficult listening conditions, perhaps due to greater attention control (Eckert et al., 2016). 

More extensive cingulo-opercular activation has also been related to more detailed or more 

deeply encoded memories, based on recognition memory studies that did not manipulate 

perceptual difficulty (Otten et al., 2001; Ritchey et al., 2011). Because participants were 

unaware of the recognition memory task goals during Task 1, adjustments in attention would 

optimize word identification in noise and benefit memory encoding indirectly. This means 

that the current neuroimaging results and previous similar findings are related to incidental 
memory encoding, passive and unintentional transfer of information to long-term memory 

through cognitive operations performed on that information (Craik and Tulving, 1975). 

Within that framework, our current finding that words were more poorly encoded when 

activity decreased could reflect less extensive cognitive processing despite correct 

identification in noise.

Memory for speech in noise is consistently poorer when attention is divided between 

difficult speech listening conditions and memory maintenance or rehearsal (Heinrich et al., 
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2008; Pichora-Fuller et al., 1995; Rabbitt, 1968). This negative effect of noise on memory 

has been hypothesized to result, in part, from the limits of attention-related resources that 

appear to facilitate perceptual repair or extraction of the speech signal from noise at the 

expense of memory encoding or maintenance (Heinrich et al., 2008; Pichora-Fuller et al., 

1995). This hypothesis is largely supported by evidence from serial recall tasks and 

continuous speech tasks with high working memory requirements (e.g., Piquado et al., 

2010). Our current results suggest that attention to the task and attendant cingulo-opercular 

activity facilitates rather than limits memory for speech, at least for incidental encoding that 

transfers information to memory without active rehearsal or maintenance5.

We note that the current experiment did not manipulate working memory or the engagement 

of a fronto-parietal system that supports working memory. We also did not explicitly 

manipulate attention and cingulo-opercular activity within SNR conditions. However, the 

activity of cingulo-opercular regions reflects performance monitoring (Ullsperger and von 

Cramon, 2004), response selection (Moss et al., 2005), inhibition (Aron, 2007), and 

evaluation of the expected value from performance (Shenhav et al., 2013; for review see 

Eckert et al., 2016). Thus, our results support the premise that activity of a system of brain 

regions that is important for monitoring and optimizing task performance supports rather 

than limits incidental memory encoding. It is unclear the extent to which recognition 

memory for speech encoded in noise would be negatively affected by increased or decreased 

activity of a fronto-parietal working memory system.

The association between cingulo-opercular activity and delayed recognition memory was 

observed for both SNRs during Task 1, which indicates that this activity was important for 

incidental memory encoding regardless of the difficulty of the listening task. Nevertheless, 

delayed recognition memory tasks consistently demonstrate that encoding is poorer for 

speech listening task conditions that are more difficult (e.g., Wild et al., 2012; Zekveld et al., 

2013; Gilbert et al., 2014; Van Engen and Peelle, 2014). The present study replicates these 

behavioral results: recognition memory was worse for words that had been presented in a 

lower compared to a higher SNR in Task 1. However, we could not differentiate these well-

established intelligibility effects during encoding from potential retrieval differences in the 

current behavioral results, because of the collinear SNR (Task 1) and BPF (Task 2) 

conditions. Despite that limitation, our neuroimaging results clearly indicate that trial-by-

trial fluctuations in cingulo-opercular activity during the difficult listening task were 

predictive of delayed recognition memory task performance.

The results of the current study also demonstrate the importance of trial-level analyses for 

evaluating an attentional resources hypothesis. Within-subject, trial-level activity 

associations with delayed memory performance were revealed that would otherwise be 

obscured by relating mean activity changes and memory differences between SNR 

conditions. Because cingulo-opercular activity during encoding was higher on average (see 

Supplementary Figure 2) and recognition memory was poorer for words in the more difficult 

5Our results do not rule out the possibility that attention control limits encoding when participants are instructed to remember speech 
presented in noise, which requires attention to understand speech and actively maintain representations (i.e., rehearsal) at the same 
time.
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SNR, cingulo-opercular activity changes in response to SNR could lead to an erroneous 

interpretation that this activity is limiting memory encoding rather than benefitting it. The 

results of our trial-level analyses support the opposite conclusion: cingulo-opercular activity 

was lower for words that were not remembered after the delay period. The trial-level effect 

of cingulo-opercular activity across SNR conditions is more consistent with previous 

evidence for incidental memory encoding related to cingulo-opercular activity, as well as a 

proposed adaptive control function during speech listening in noise tasks (Eckert et al., 

2016; Kim, 2011; Spaniol et al., 2009; Vaden et al., 2013).

Conclusions

The current results suggest that cingulo-opercular regions support incidental memory 

encoding for words correctly repeated in difficult listening conditions. Listeners may have 

difficulty sustaining elevated cingulo-opercular performance monitoring activity during a 

long and challenging task, which would limit the identification of degraded speech stimuli 

and incidental memory encoding for correctly understood speech. Characterizing how and 

when to optimally engage attention control systems could enhance memory encoding for 

speech in noisy environments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Left: Memory sensitivity (A′) scores during the delayed recognition memory test were 

significantly higher for speech presented in the higher SNR condition during the encoding 

phase. Average values are shown with bootstrap 95% confidence intervals. The asterisk 

signifies that the bootstrap 95% BCI for sensitivity differences between SNR conditions did 

not include zero, indicating p < 0.05. Sensitivity within each SNR was also significantly 

above chance (A′ 95% BCI did not include 0.5). Right: The false-negative response bias 

was not significantly different across SNR conditions. There was a significantly conservative 

bias within each SNR (B″D 95% BCI did not include 0).
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Figure 2. 
Significantly decreased BOLD contrast was observed during the encoding phase for 

correctly understood words that were not remembered after the delay period [contrast: 

Misses < Non-Misses]. Cingulo-opercular BOLD activity was significantly lower for words 

that were later memory-misses in the delayed recognition memory task (cyan), compared to 

the other words in each SNR condition. Combined voxel statistic: Z = 3.09, pUNC = 0.001 

and permutation-corrected cluster extent: pFWE < 0.05 thresholds were applied to the 

statistic map, which is shown superimposed on study-specific average brain template.
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Table 1
Memory-Related BOLD Changes during Word Identification in Noise (Task 1)

Description of contrast, cluster extent Peak Z # Voxels Peak MNI

Misses < Non-Misses

Dorsal cingulate / paracingulate 4.54 89 1, 27, 47

L. inf. frontal gyrus, L. ant. insula 4.31 133 -42, 24, -1

R. ant. Insula, R. inf. frontal gyrus 4.05 130 55, 18, 5

Note: MNI: Montreal Neurological Institute coordinates; L: left, R: right, otherwise bilateral; Ant: anterior, Inf: inferior. The Misses < Non-Misses 
contrast tested whether BOLD contrast was lower during the identification of words that were subsequent memory misses, compared to the other 
words in each SNR condition.
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