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Abstract 

Evaluating the Buffer vs. Embedded Processes Accounts of Verbal Short-term Memory by 

Using Multivariate Neuroimaging and Brain Stimulation Approaches 

by 

Qiuhai Yue 

Buffer versus embedded processes accounts of short-term memory (STM) have been 

under debate for decades. Buffer models propose dedicated storage for maintaining different 

types of information, where these buffers are separate from long-term memory (LTM) for those 

kinds of information. In contrast, embedded processes models argue against the existence of 

buffers, and claim STM consists of the activated portion of LTM. This thesis tested two 

competing models for verbal STM and obtained evidence from three experiments with novel 

multivariate neuroimaging and non-invasive brain stimulation approaches. From the 

perspective of cognitive neuroscience, buffer models predict that storage buffers depend on 

brain regions different from the LTM regions used to represent permanent knowledge, whereas 

embedded processes models predict that STM recruits the same neural substrate as LTM. 

Experiment 1 used functional magnetic resonance imaging with representational similarity 

analysis (RSA) to examine the correspondence of multi-voxel neural activation patterns with the 

theoretical representations for both phonological and semantic STM. In the phonological 

domain, a speech processing region in the left superior temporal gyrus (STG) showed RSA 

evidence of phonological coding during the encoding period, but not during the delay period. In 

contrast, the left supramarginal gyrus (SMG) showed RSA evidence of phonological storage 

during the delay period. In the semantic domain, the triangular part of the left inferior frontal 
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gyrus showed RSA evidence of semantic coding during the encoding period, but not during the 

delay period. In contrast, some posterior regions such as the left angular gyrus, the left 

posterior middle temporal gyrus and an anterior region in the left middle frontal gyrus showed 

RSA evidence of semantic retention during the delay period, with the angular gyrus allowing for 

decoding of either phonological and semantic STM, depending on the task context. Results of 

Experiment 1 illustrated that different regions were involved in encoding and maintenance for 

phonological and semantic STM respectively. Experiment 2, using nonword stimuli, tested 

distractor interference effects on phonological STM. Although the speech processing region in 

the left STG showed RSA evidence of phonological storage for these materials during the delay 

period, such evidence was absent when distractors were presented. However, the proposed 

buffer region in the left SMG showed RSA evidence of phonological retention even in the 

presence of distractors during the delay period. Results of Experiment 2 suggested that the 

buffer region played a more important role in phonological STM in the face of distracting 

stimuli. Experiment 3 used transcranial magnetic stimulation (TMS) to test the necessity of the 

brain regions implicated in phonological STM from Experiments 1 and 2. An effect of TMS on 

response time for a STM recognition task was observed when the left SMG was stimulated 

during the delay period, whereas stimulation at the left STG or an occipital control region had 

no effect on behavioral performance. Results of Experiment 3 confirmed the causal role of the 

left SMG in phonological STM. Taken together, converging evidence from three experiments 

provided greater support for a buffer account than an embedded processes account of verbal 

STM. General implications for the buffer vs. embedded processes debate, as well as 

implications for theories of the neural basis of working memory are discussed. 
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Introduction 

 

How information is stored over time is a critical issue for understanding the mechanisms 

supporting human cognition. Short-term memory (STM) refers to such a capacity for retaining 

information for a short period of time (on the order of seconds) when the external stimulus is 

no longer available to sensory systems.  

At a theoretical level, buffer vs. embedded processes accounts of short-term memory 

have been under debate for decades. Buffer models propose dedicated stores for maintaining 

specific types of information (e.g., verbal vs. visual-spatial) (Baddeley, Lewis, & Vallar, 1984; R. C. 

Martin, Lesch, & Bartha, 1999). For example, Baddeley’s working memory model (1984) 

postulates a specialized system, called the phonological loop, for maintaining phonological 

information (e.g., speech sound information). This loop consists of a phonological buffer and a 

rehearsal mechanism that keep the information active. Similarly, in a language-specific model, 

Martin et al. (1999) postulates a phonological store used to maintain the speech 

representations of groups of words and a semantic store for maintaining groups of word 

meanings which are connected to their respective representations in LTM. In contrast to buffer 

models, embedded processes models argue against the existence of dedicated buffers, and 

claim that STM consists of the activated portion of long-term memory (LTM) (Cowan, 2001; 

Oberauer & Lange, 2009). For instance, during speech recognition, speech units (e.g., 

phonological representations) would be activated, and the activated representations would 

constitute phonological STM.  From the point of view of cognitive neuroscience, the buffer and 

embedded processes accounts have contrasting claims as to whether STM and LTM 
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representations share the same neural substrate, as predicted by embedded processes models, 

or whether there are additional brain regions which serve as buffers to retain memory 

representations, as predicted by buffer models. 

My dissertation research tested these two competing models for verbal STM, using 

three experiments with different approaches: First, in Experiment 1, by using a novel 

multivariate neuroimaging (fMRI) approach – specifically, representational similarity analysis 

(RSA) (Kriegeskorte & Kievit, 2013; Kriegeskorte, Mur, & Bandettini, 2008) – I compared the 

neural activation pattern during a maintenance delay period for verbal STM (e.g., phonological 

or semantic) with predicted patterns based on stimulus similarity, to assess if memory 

representations for the stimuli are maintained in sensory regions or in other maintenance-

specific regions. Because the language-specific STM model (R. C. Martin, Shelton, & Yaffee, 

1994) proposes separate buffers for phonological and semantic retention, the neural bases for 

maintaining these representations should lie in different brain regions. Based on my previous 

examination on phonological STM with the multivoxel pattern analysis (MVPA) approach (Yue, 

Martin, Hamilton, & Rose, 2018), I predicted that a region in the left superior temporal gyrus 

would be involved in speech processing, thus showing RSA evidence of phonological coding 

during the encoding period of a phonological STM task, whereas a set of left dorsal fronto-

parietal areas, including the supramarginal gyrus, would be engaged in phonological retention. 

The speech processing region might show neural evidence for phonological storage as well 

according to the previous observation in Yue et al. (2018). With respect to semantic STM, based 

on previous fMRI studies on semantic retention and semantic processing, a set of regions in the 

left anterior temporal lobe and the left posterior middle temporal gyrus would be involved in 
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semantic processing (Binder, Desai, Graves, & Conant, 2009; C. J. Price, 2012) whereas a region 

in the left middle/inferior frontal gyrus would be engaged in semantic retention (Hamilton, 

Martin, & Burton, 2009; R. C. Martin, Wu, Freedman, Jackson, & Lesch, 2003; Shivde & 

Thompson-Schill, 2004). In Experiment 2, I focused on phonological STM and tried to 

differentiate the roles of the memory regions. To do this, I brought in distracting stimuli during 

the delay period of the STM task and assessed the interference effects from distractors on the 

activation pattern for phonological STM observed in Experiment 1. The speech processing area 

should be automatically involved in processing the incoming distracting stimuli; hence the 

neural representation in this perceptual region would be over-written by the distractors, 

whereas the buffer region would be unaffected and would show neural evidence for 

phonological storage in the presence of distractors (Bettencourt & Xu, 2016; Lorenc, 

Sreenivasan, Nee, Vandenbroucke, & D'Esposito, 2018), to achieve the successful behavioral 

STM performance. Finally, in Experiment 3, I used transcranial magnetic stimulation (TMS) 

(Parkin, Ekhtiari, & Walsh, 2015) to directly test the causal role of the speech processing region 

and the phonological buffer regions implicated in phonological STM from the aforementioned 

two studies. Triple-pulse TMS targeting the STM region during the delay period would disturb 

the neural representation for the memory information, resulting in the disrupted behavioral 

recognition performance. Thus, a causal inference could be drawn about the role of the 

activated brain region(s) in phonological STM.  

Taken together, three experiments provided compelling evidence to improve our 

understanding of neural basis of verbal STM and added novel contributions to advance the 

theoretical debate of the buffer vs. embedded processes accounts of STM. 
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Experiment 1.  Examining the neural substrate for phonological and semantic short-term 

memory using representational similarity analysis 

 

1.1 Background 

Previous studies of brain damaged patients provide evidence bearing on the debate of 

buffer vs. embedded processes accounts. Early evidence supporting the buffer account has 

shown that there are dissociable STM and LTM deficits in a specific domain (Beschin, Cocchini, 

Sala, & Logie, 1997), as well as dissociable deficits in STM between different domains (R. C. 

Martin et al., 1994). For example, researchers have found that speech perception abilities 

which tapped phonological LTM dissociate from phonological STM capacity (R. C. Martin & 

Breedin, 1992; Warrington & Shallice, 1969). Moreover, Martin and colleagues found that for 

two patients who showed deficits in STM tasks, one showed worse reduction for retaining 

semantic information than phonological information, whereas another one showed the 

reversed pattern (R. C. Martin et al., 1994), and a semantic STM deficit has also been shown to 

exist in conjunction with preserved semantic LTM (R. C. Martin & He, 2004). Based on these, 

Martin and colleagues proposed a second verbal buffer for maintaining semantic information 

(e.g., word meanings) where the semantic representations in the buffer connect to long-term 

representations of word meanings (R. C. Martin et al., 1994). All these neuropsychological 

findings consistently support the buffer accounts for STM. Based on the location of brain 

damage for the disrupted STM, the left inferior parietal lobe has been argued to support 

phonological STM (Paulesu et al., 2017; Shallice & Vallar, 1990; Vallar & Papagno, 1995; 

Warrington, Logue, & Pratt, 1971; Yue, Dial, & Martin, 2016), and the left inferior frontal lobe to 
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support semantic STM (Hanten & Martin, 2000). Both of these regions differ from typical brain 

regions for the corresponding LTM regions (e.g., superior temporal cortex for speech processing, 

or left middle and inferior temporal gyrus for lexical-semantic) (R. C. Martin, 2005; C. J. Price, 

2012; Turkeltaub & Coslett, 2010). 

 

Figure 1.1. Working memory paradigm and neural signals.  (A) The delayed recognition/response 
paradigm used in short-term memory studies. One or a list of stimuli is presented to the participant in 
the encoding stage of the STM task, and disappears, and then the participant is instructed to remember 
the stimuli (or one feature of stimuli, e.g. spatial location of a dot) during the delay period. In the 
retrieval stage, a test probe is presented, and the participant responds to the probe. (B) An example of 
single-unit activity recordings from a neuron in the monkey dorsolateral prefrontal cortex during the 
delayed response task (C: cue/encoding period; D: delay period; R: response/retrieval period). (C) An 
example of delay-period activity across the human fronto-parietal cortex (left) and average fMRI signal 
(right) from the human dorsolateral prefrontal cortex (circled on the left) during a STM task. The gray 
bar shows the delay period.  
 

With respect to the neural substrate for STM, evidence from neuroimaging studies of 

healthy subjects has been mixed regarding the buffer vs. embedded processes debate. In a 

typical STM task, subjects are presented with one or a list of items to maintain across a delay 
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period, after which they recall or recognize the information they have maintained (e.g., spatial 

location of a dot) (Figure 1.1A). For nearly two decades, researcher have assumed that 

sustained and elevated neural activity in a given brain region during the delay period reflects 

STM maintenance (Goldman-Rakic, 1995; Leavitt, Mendoza-Halliday, & Martinez-Trujillo, 2017). 

This interpretation has occurred in both nonhuman primate neurophysiological studies 

(Funahashi, Bruce, & Goldman-Rakic, 1989; Fuster & Alexander, 1971; Niki, 1974) and in human 

neuroimaging (e.g., fMRI) studies (Curtis & D'Esposito, 2003; Wager & Smith, 2003). Methods in 

these studies have included recording delay-period activity from single neurons or from 

modeling brain activation from hemodynamic response (e.g., fMRI) (Figure 1.1B, C). fMRI 

studies have found such sustained delay-period activity in the left parietal cortex for 

phonological STM (Buchsbaum, Olsen, Koch, & Berman, 2005; R. C. Martin et al., 2003; Paulesu, 

Frith, & Frackowiak, 1993; Salmon et al., 1996) or in the left inferior frontal cortex for semantic 

STM (Hamilton et al., 2009; R. C. Martin et al., 2003; Shivde & Thompson-Schill, 2004).  

 

Figure 1.2.  Examples of trials in the speech perception and phonological STM tasks. A perception task is 
used to identify the speech perception region. A delayed recognition task is used to tap the phonological 
STM. (A) A speech non-matching trial in the perception task; (B) A non-matching trial for speech low 
memory load condition in the short-term memory task (the wave line represents the white noise); (C) A 
non-matching trial for speech high memory load condition in the short-term memory task. 
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In a recent study (Yue et al., 2018), we found persisting activation in the left inferior 

parietal cortex (e.g., supramarginal gyrus) during the retention of phonological information for 

nonwords (Figure 1.2B, C for the phonological STM task; Figure 1.3B, D for the results), 

consistent with the localization of phonological STM from patient studies and lesion-symptom 

mapping analyses (Baldo, Katseff, & Dronkers, 2012; Yue et al., 2016). In contrast, a region in 

the left superior temporal gyrus defined by a speech perception task (Figure 1.2A), which was 

assumed to tap phonological LTM, showed no sustained activation (Figure 1.3A, C). This study 

provides evidence supporting the storage buffer account for phonological STM, based on the 

assumption of sustained activity for STM.  

 

 
Figure 1.3.  Univariate activation results in a prior study. (A) The activation map for speech vs. 
nonspeech in the perception task shows a speech perception region in the left superior temporal gyrus 
(STG). (B) The activation map for high vs. low memory load conditions during the delay period of the 
STM task shows a set of dorsal fronto-parietal regions, including one in the left supramarginal gyrus 
(SMG). Average signal changes from univariate analyses for the STM task in (C) the left STG and (D) the 
left SMG as shown in (A) and (B). Error bars represent the standard error of the mean.   
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However, recent studies on visual STM using a multivariate approach (e.g., Multivoxel 

Pattern Analysis, MVPA) have complicated the interpretation of the presence or absence of 

delay period activity (D'Esposito & Postle, 2015; Sreenivasan, Curtis, & D'Esposito, 2014). 

Compared to the traditional univariate approach which examines the overall brain activity in a 

given region, MVPA takes advantage of the covariance of activity across multiple voxels and 

relates the activation pattern to the different classes of stimuli or features (Figure 1.4A, B) 

(Haxby, Connolly, & Guntupalli, 2014; Norman, Polyn, Detre, & Haxby, 2006). For example, in 

one study, researchers assessed visual STM for moving dot patterns by using a delayed-

recognition task (Riggall & Postle, 2012). Although no sustained delay-period activity was 

observed in the sensory region involved in encoding dot motion (Figure 1.4C), motion 

information (e.g., direction) could be decoded from this region during the delay period (Figure 

1.4D). In contrast, the region that showed sustained delay-period activity (e.g., the superior 

parietal cortex which has been assumed to be involved in visual STM, Figure 1.4E) failed to 

allow for the decoding of such information (Figure 1.4F). Thus, this evidence suggested that the 

delay-silent sensory cortex did play a role in STM, maintaining the representation of motion 

during the delay.  The sustained response in the parietal region but the failure to find successful 

MVPA decoding suggested that the parietal region was performing some other function, such 

as directing attention to the appropriate sensory region. Similar results have been reported in 

other fMRI studies using the MVPA approach (Emrich, Riggall, LaRocque, & Postle, 2013; 

Harrison & Tong, 2009; Serences, Ester, Vogel, & Awh, 2009). In addition, Emrich et al.’s study 

(2013) found that across subjects, MVPA decoding sensitivity in the visual sensory cortex 
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correlated with memory accuracy, indicating that greater neural representational differences 

among stimulus types supported better behavioral performance. These findings favor the 

embedded processes model for visual STM. 

 

 

Figure 1.4.  Classification-based MVPA paradigm and results in a STM study. (A) An illustration of 
patterns of brain activity across multiple voxels for different stimulus categories (e.g., faces vs. scenes) in 
a given region, and (B) procedure of classification-based Multi-Voxel Pattern Analysis (MVPA) strategy. 
The dataset used to train a classifier is independent of the testing dateset.  (C-F): An MVPA study on 
visual STM (Riggall & Postle, 2012) shows a dissociation on the results between univariate and 
multivariate analyses: Although a region in the medial occipital lobe (visual sensory area) does not show 
sustained activity during the delay period (C), visual memory information (e.g., the direction of moving 
dots) could be decoded during the delay period from this area (E); whereas a region in the parietal lobe 
assumed to be a visual STM buffer shows sustained delay-period activity (D), but decoding accuracy is 
no greater than the chance level during the delay period in this region (F). Figures C-F are adapted from 
Riggall & Postle (2012).  
 

Recently, however, other MVPA fMRI studies have instead found that it was possible to 

decode different types or features of visual stimuli during the delay period from non-sensory 

cortical regions argued to be involved in short-term maintenance, such as the parietal lobe 

(Christophel, Cichy, Hebart, & Haynes, 2015; Christophel, Hebart, & Haynes, 2012), the 

prefrontal lobe (Lee, Kravitz, & Baker, 2013) or both (Ester, Sprague, & Serences, 2015). 
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Although most MVPA studies of short-term maintenance have focused on the retention of 

visual non-verbal representations, a few have examined the retention of auditory or 

phonological information (Christophel, Klink, Spitzer, Roelfsema, & Haynes, 2017). Linke et al. 

used the multivariate approach to investigate auditory short-term memory in the non-verbal 

domain (e.g., tones or environmental sounds) (Linke & Cusack, 2015; Linke, Vicente-

Grabovetsky, & Cusack, 2011). For example, Linke et al. (2011) used a tone-frequency change 

detection task and found that in the encoding stage, auditory sensory regions (e.g., Heschl’s 

gyrus) could decode frequency-specific information. However, during the maintenance stage, 

the same sensory region was suppressed for representing that frequency information. This 

finding does not support the claim that the sensory cortex actively maintains neural 

representations in short-term memory, which had been found in the visual domain (Riggall & 

Postle, 2012). It is unclear, however, if the suppression of sensory cortex during the 

maintenance stage would be observed for auditory verbal materials. One study by Kalm et al. 

(2014) used MVPA to dissociate the activity patterns representing item vs. order information 

for auditory verbal short-term memory by using a short-term serial recall task, involving the 

presentation of three nonwords followed by immediate recall. The goal of this study was to 

determine whether item-position coding or inter-item associative coding was involved in order 

retention, with the results supporting item-position coding. Although several frontal and 

parietal regions were found to be involved during the encoding and recall stages for both item 

and order information, the absence of a delay maintenance period in this experimental 

paradigm makes it difficult to ascertain whether these regions are involved in retention vs. 

encoding or retrieval.  Another study by Lewis-Peacock et al. (2012) used the MVPA approach 
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to examine the brain regions supporting the retention of phonological, semantic and nonverbal 

visual information, using visual stimuli as input (i.e., nonwords, words, and line patterns, 

respectively). They found that during the delay period, one category, such as nonwords used to 

assess phonological retention, could be selectively decoded relative to the two other categories. 

However, the region displaying the most important role in decoding the nonwords against the 

other stimuli was in the occipital cortex, making it unclear whether subjects were maintaining 

phonological information or, rather, visual or orthographic information.  
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Figure 1.5.  MVPA results in a prior study. (A-B) Brain regions are the same as shown in Figure 1.3. (C-F) 
Classification accuracy from MVPA analyses for the STM task in the left STG and left SMG. In (C-F), the 
green and purple triangles indicate the TR of the STM task on which the classifier was trained, and the 
green and purple lines show the classification accuracy time series for each classifier when tested on 
each TR of the STM trial. Error bars represent the standard error of the mean. Dashed lines indicate the 
chance level. Asterisks indicate the significance of p<0.05. 
 

 

In our phonological STM study, we also assessed the data via the MVPA approach 

(Figure 1.5) (Yue et al., 2018). According to the embedded processes account, in the speech 

processing region, the activated codes for speech, which constitute the memory content of 

phonological STM, would be maintained over the delay period. Then we would expect to 

observe that patterns of activations for speech vs. nonspeech could be decoded throughout the 

encoding, delay and retrieval stages in this area. We trained a perception-classifier by using 

data from the perception task, an encoding-classifier by using data from the encoding stage, 

and a maintenance-classifier by using data from the maintenance stage of the STM task, to 

decode speech vs. nonspeech in the STM task. However, in the speech perception region (e.g., 

the left superior temporal cortex, Figure 1.5C, D), stimulus decoding during the maintenance 

stage was unsuccessful by the perception-classifier or the encoding-classifier. While successful 

decoding was possible by the maintenance-classifier in the high memory load condition (i.e., 3 

nonwords), accuracy with this classifier was not related to behavioral performance. The 

perception-classifier and encoding-classifier were assumed to shaped by the activated patterns 

for perceiving speech vs. nonspeech information, whereas the maintenance-classifier was 

shaped by the patterns from the delay period. Thus, this discrepancy suggested that the 

activation pattern in this region changed from encoding to the delay period.  Instead, a left 
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inferior parietal region (e.g., supramarginal gyrus, Figure 1.5E, F) showed successful decoding 

during the delay period in the high memory load condition, regardless of whether the classifier 

was trained on encoding or delay periods. In addition, the decoding evidence in this region was 

related to behavioral performance. These findings are more consistent with a buffer model (R. 

C. Martin & Breedin, 1992), with the phonological buffer located in the left inferior parietal lobe. 

However, this study also raised some questions which need further investigation. For example, 

it remains unclear whether the changed activation pattern in the speech perception region  (i.e., 

patterns decoded by maintenance but not perception or encoding classifiers) reflects 

suppression which is due to the need to protect the STM representations from interference 

from newly encoded task-irrelevant stimuli (Linke et al., 2011), or reflects the modulation from 

downstream areas (e.g., the buffer region) to keep the memory trace active.  Also, one might 

argue that the left SMG plays an attentional rather than storage role in working memory. If 

there are different neural formats for attentional processes for speech and nonspeech, this 

could give rise to our ability to discriminate speech vs. nonspeech in this region.  However, 

these questions cannot be addressed by the classification-based MVPA approach as our 

previous results simply indicated an ability to discriminate between speech and nonspeech at 

the category level.  The representational structures for different stimuli features being 

maintained in STM need to be tested with more sensitive approaches.  

To summarize, although MVPA fMRI studies have provided interesting evidence 

regarding the storage buffer vs. embedded processes accounts for STM, the nature of the 

distinguishable patterns of activation specific to particular stimuli or features remains unclear 

and needs further investigation (D'Esposito & Postle, 2015). In addition, the classification-based 
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MVPA approach faces some ambiguities when testing theoretical questions of cognition from 

the perspective of neuroimaging (Naselaris & Kay, 2015). Other features of the stimuli may also 

result in creating distinguishable patterns, such as different edges for the stimuli in the grating 

orientation decoding studies (Carlson, 2014). The MVPA approach cannot identify the source of 

decodable information (Carlson & Wardle, 2015; Naselaris & Kay, 2015). Instead, researchers 

recommend a different “condition-rich” multivariate approach, representational similarity 

analysis (RSA) (Kriegeskorte et al., 2008; Kriegeskorte & Kievit, 2013), to test the questions of 

interest by explicitly linking the neural representations (e.g., fMRI activation pattern across 

multiple voxels) with theoretical (or computational) representations derived from stimulus 

similarity. Based on an assumption that stimuli with similar features in some domain (such as 

phonological features) elicit similar neural activation patterns in a given region for processing 

those features, RSA compares the similarity of neural activation patterns to the similarity of 

theoretical measures across a set of materials. For example, a pair of phonologically similar 

words (e.g., street, suite) should result in similar patterns of neural activity in a phonological-

processing region, whereas a pair of phonologically dissimilar but semantically related words 

(e.g., street, road) should activate dissimilar patterns of neural activity in this region, but should 

activate similar patterns in a semantic-processing region. A recent study has shown that the 

RSA approach is capable of uncovering such content based neural patterns in visual STM, but 

MVPA is not (Ester et al., 2015).  The RSA method has several advantages for my purposes: First, 

it allows me to explicitly test what kinds of memory information (e.g., phonological vs. semantic 

representations for verbal materials) are maintained in a given region; second, since RSA makes 

use of variance in stimulus features per se. (e.g., phonologically similar vs. dissimilar), it would 
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help to distinguish the storage role of a brain region against an attentional role, which is not 

easily accomplished with univariate analyses. Whereas previous multivariate fMRI studies have 

focused on visual non-verbal domain, I will address the storage buffer vs. embedded processes 

accounts in the verbal domain, using auditorily presented stimuli.  

In this experiment, I tested healthy participants in an fMRI paradigm employing two 

STM tasks to have subjects remember either the sound or the meaning of a word over a short 

delay period, thus focusing on phonological retention and semantic retention. I analyzed the 

data with RSA to explicitly assess the neural representations for phonological and semantic STM. 

Specifically, there were three goals: (1) to tease apart the storage vs. attentional roles for 

phonological STM in the buffer region (e.g., the left SMG) identified in our previous study (Yue 

et al., 2018). If the neural evidence observed previously in that region truly reflected a storage 

role, I would expect to see RSA evidence for phonological STM in that region but not if that 

region is an attentional region; (2) to evaluate the neural substrates for phonological encoding 

and retention, as well as for semantic encoding and retention. The buffer storage account 

predicts that verbal encoding and maintenance take place in different regions, whereas the 

embedded processes account predicts that encoding and maintenance share the same regions. 

(3) to test whether there were the same or different brain regions involving in maintaining 

phonological and semantic STM representations. The same set of verbal materials was used for 

the phonological and semantic STM tasks. According to the multiple components STM model (R. 

C. Martin et al., 1999), different regions were predicted to be involved in maintaining 

phonological and semantic information. 
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1.2 Methods 

1.2.1 Participants 

Sixteen healthy adults (18-23 years old, mean: 19.8 years old; 9 females) were recruited 

from Rice University. All subjects were native speakers, and reported no hearing, neurological, 

or psychiatric disorder. Subjects signed consent forms according to procedures approved by the 

Rice University Institutional Review Board to participate in the fMRI experiment and received 

either monetary compensation or credit toward course requirements for their participation.  

 

1.2.2 Tasks and Materials 

Twenty-four one-syllable English words were used in the fMRI experiment as the target 

memory words 1. The same set of twenty-four memory words were used in both the 

phonological and semantic tasks.  Using the same set of words in two tasks ensures that the 

materials for the two tasks were matched on psycholinguistic properties, such as word 

frequency, thus avoiding potential confounds. Twenty-four memory words were selected so as 

to include sufficient variance across pair-wise distances for both phonological and semantic 

representations. Thus, there were pairs of words with both high and low similarities in term of 

phonological and semantic representations. Also, these twenty-four words were chosen as to 
                                                        
1 Because this experiment used an RSA design, which required estimating activation pattern for each word, I 
repeated each unique word six times for six trials across the whole experiment for each task, to achieve an 
appropriate signal-to-noise ratio and get a reliable activation pattern for each word (See details in Method). This is 
different from a design in a traditional fMRI study which typically uses a novel stimulus for each trial (Yue et al., 
2018). Repetition of the same words may cause an issue such as repetition suppression which is known to 
decrease overall univariate fMRI activity. However, recent studies suggest that repetition suppression and pattern 
similarity characterize different aspects of neural mechanism of memory, with repetition suppression is associated 
with implicit memory whereas pattern similarity is related to explicit recognition memory (Moore, Yi, & Chun, 2013; 
Ward, Chun, & Kuhl, 2013). For example, better recognition memory was associated with more similar neural 
activation pattern via the reactivation for a stimulus across repetitions (Xue et al., 2010). Thus, I cannot see any 
evident side effect of repetition on the pattern similarity which is the focus of current study. However, it would be 
good to keep this in mind when interpreting results (e.g., univariate activation) and comparing to prior findings. 
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make the phonological and semantic representations independent. This allowed me to estimate 

the brain-theory similarity for two tasks independently in RSA (see Section 1.2.4 for 

constructing the theoretical representations dissimilarity matrix). The words were spoken by a 

female native English speaker and recorded at a sampling rate of 44.1kHz by using Audacity 

software (http://www.audacityteam.org). All the words were matched for the average sound 

amplitude by using Praat software (http://www.fon.hum.uva.nl/praat/). The average duration 

of the words was 1046 ms. 

 

Figure 1.6.  The short-term memory tasks in Experiment 1. (A) An example trial with a highly similar 
probe in the phonological STM task. A somewhat similar probe would be “post” and a dissimilar probe 
would be “tease”. (B) An example trial with a highly related probe in the semantic STM task. A 
somewhat related probe would be “gate” and an unrelated probe would be “laugh”. 
 

There were two short-term memory tasks in the fMRI experiment (Figure 1.6): a delayed 

phonological judgment task and a delayed semantic judgment task. For each trial, subjects 

heard one word, followed by a 10.5-second silent delay. In the semantic task, subjects were 

instructed to remember the meaning of that word during the delay period, whereas in the 

phonological task, subjects tried to remember the sound of that word. Then a probe word was 

played, and subjects needed to judge whether the probe word was highly related, somewhat 

related, or unrelated to the memory word in terms of meaning for the semantic task, or in 
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terms of phonology for the phonological task. Subjects pressed the left, middle, or right button 

if the probe is highly related, somewhat related, or unrelated to the memory word, respectively.  

For both the phonological task and the semantic task, one third of the probes were 

highly related, one third were somewhat related, and one third were unrelated to the memory 

words. In the phonological task, the highly similar probe overlapped with the onset (i.e., the 

initial consonant or consonants) and vowel of the memory word, or the rhyme portion of the 

memory word (e.g., “road” - “mode”). The somewhat similar probe only overlapped on the 

vowel of the memory word (e.g., “road” - “post”), whereas the dissimilar probe differed in all 

phonemes of the memory word (e.g., “road” - “tease”). In the semantic task, the highly related 

probe was a word meaning almost the same thing or a synonym of the memory word (e.g., 

“road” - “way”). The somewhat related probe either came from the same category of the 

memory word or had some associative relation with the memory word (e.g., “road” - “gate”), 

and the unrelated probe had no meaning relation with the memory word (e.g., “road” - 

“laugh”). The somewhat related probe had a greater relatedness (indexed by Latent Semantic 

Analysis) with the memory word than the unrelated probe (ps<0.005). Notice that the focus 

was not on the participants’ responses to the probes. These relatedness-judgment tasks were 

employed to ensure that participants maintained the sounds or meanings of the memory words 

during the delay period of the task. In-scanner behavioral results (see Section 1.3.1), as well as a 

pilot behavioral test with six independent participants outside the scanner on these two tasks, 

showed that participants’ responses to the probes basically conformed to our expectations (See 

Appendix A for the pilot test results). 
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1.2.3 fMRI procedure and data acquisition 

In the fMRI experiment, the tasks were administered to subjects by using E-prime 2.0 

software (Psychology Software Tools, https://pstnet.com/). The auditory stimuli were 

presented binaurally via MRI-compatible earphones, and the foam canal tips were used with 

earphones for maximum scanning noise reduction. Before the formal experiment, a short 

functional scanning session including 10 speech perception trials (i.e., discriminating a pair of 

nonwords which differ a minimum distinguishable feature, “ba”-”pa”) was administered to each 

subject to ensure that subjects could clearly hear the stimuli and were aware of variation of 

phonetic features against the noise of EPI scanning. The volume of the sound over the 

earphones was adjusted to a comfortable level for each subject.  

In the functional scan, each trial began with a white fixation cross turning to red, which 

was presented for 500ms in the center of a grey background screen. When the fixation cross 

disappeared, a spoken word was played to the subjects with a maximum duration of 1.5 s, 

followed by a 10.5-s delay. Then a probe word was played to subjects. Subjects responded to 

the probe by pressing the left, middle or right button. In each functional run, all unique 24 

words were played to the subjects randomly with the inter-trial interval jittered at 4.5s, 6s and 

7.5s. This resulted in an average duration of 19.5 s for each trial (stimuli presentation and inter-

trial interval). There were 9-s rest periods at the beginning, to allow equilibrium of the magnetic 

field, and at the end of each run, to accommodate the hemodynamic delay of the last trial. Thus, 

each run lasts about 486 s (8 min 6 s). 

Subjects finished two sessions of fMRI scans. The total experiment for each subject 

lasted about 2 hours. Since the same set of twenty-four words was used in the two tasks, to 
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reduce mutual interference, the two tasks were administered in two sessions separately, with 

one task being administered in the first session and the other in the second session about one 

week later. The order of the two sessions was counterbalanced across subjects. Before each 

session, subjects were instructed what task they would do for that session. For each session, 

there were six functional scans plus an anatomical scan. 

The fMRI experiment was conducted at the Core for Advanced Magnetic Resonance 

Imaging (CAMRI) at Baylor College of Medicine. Images were obtained on a 3-Tesla Siemens 

Magnetom Tim Trio scanner (Prisma) equipped with a 64-channel head coil. Foam pads were 

used to keep subjects’ heads stabilized during the scanning. Functional scans were acquired by 

using a modified MGH Simultaneous MultiSlice (SMS) EPI sequence with following parameters: 

TR = 1.5s, TE = 30ms, FA = 72°, matrix size = 100 × 100, FoV = 200mm, voxel size = 2 × 2 mm2. 

This functional sequence featured both high spatial and high temporal resolutions for the RSA 

approach. Each scan had 324 volumes and for each volume 69 axial 2-mm thickness slices were 

acquired to cover the whole brain, with a SMS factor of 3. After the functional scans, an 

anatomical scan was also collected for each subject with MPRAGE sequence: TR = 2600 ms, TE = 

3.03 ms, FA = 8°, matrix size = 256 × 256, voxel size = 1 × 1 × 1 mm3.  

 

1.2.4 Data analyses and predictions 

Preprocessing   

fMRI data preprocessing, general linear modelling and univariate analysis were 

conducted using AFNI (version: AFNI_18.0.00) (Cox, 1996; 2012). Preprocessing steps included 

de-spiking of large fluctuation for some time points, slice timing and head motion correction. 
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Then, functional images were aligned to that individual’s anatomical image. For the RSA 

approach, the functional data were left in subject’s native space, and no spatial smoothing was 

conducted, in order to preserve the spatial information across neighboring voxels. For the 

univariate approach, a 4-mm full-width half-maximum Gaussian kernel was applied to spatially 

smooth the functional data. A whole brain mask was generated and applied to the functional 

data, and voxel-wise signal scaling was calculated for each run. The resolution of functional 

data was kept unchanged as in the native space which was 2 × 2 × 2 mm3. For voxel-wise group 

level testing, each subject’s data were warped to the Talairach standard space (Talairach & 

Tournoux, 1988) and registered to the TT_N27 template in AFNI. 

 

General linear model   

A general linear model was applied to each voxel’s preprocessed time series to estimate 

the regression coefficients (i.e., beta values) for conditions of interest. For the RSA approach, a 

regressor was modeled for each individual word, with six repetitions across six runs for that 

word. Thus, twenty-four regressors of interest were included in the regression model. The 

activation patterns for the twenty-four words was used to estimate the neural representation 

dissimilarity matrix to be used in the RSA analyses. For the univariate analyses, a single 

regressor was modeled across all words and all runs. A multiple parameters shape-free 

hemodynamic response function model (i.e., “TENT” function in AFNI) was used for each 

regressor to estimate the amplitude of signal change at each time point across the whole 

period for the STM trial (i.e., from the onset to 24s later). The presentation of the memory 

word was defined as the encoding period, and the delay period consisted of the interval 
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between the memory word and the probe. It should be noted that in a STM fMRI study, with a 

sampling rate at 1.5 second, it was hard to discern a clear boundary between the encoding 

period and the delay period. The encoding period typically spanned from the onset to 6s later 

when taking the hemodynamic response delay into consideration. Thus, the following stage but 

before the onset of the probe was regarded as the delay period. The encoding period has been 

assumed to tap both processing and retention of the memory word, because while the subjects 

heard the memory word they were likely transferring the stimulus representation into a buffer, 

whereas the delay period reflects pure short-term storage since the stimulus is no longer 

present. The retrieval period was defined from the onset of the probe to the end of a trial. The 

current study focused on encoding and delay periods.  In addition to the experimental 

regressors, some nuisance regressors, including fourth-order polynomial baseline trends, six 

head motion correction parameters, and six derivatives of head motion, were also modeled. To 

reduce the influence of potential outliers, censoring was applied in the general linear model to 

the time points in which head motion exceeded a distance of 0.3 mm with respect to the 

preceding time point or in which more than 10% of whole brain voxels were regarded as 

outliers by AFNI 3dToutcount.  

 

Univariate activation analysis   

For the group-level univariate approach, the average amplitude of responses at the third 

and the fourth TRs (4.5s and 6s) after the onset of memory word was used as the signal change 

for the encoding stage, and the average amplitude of responses across the sixth, seventh, and 

eighth TRs (time points 9s, 10.5s, 12s) after the onset of memory word was used as the signal 
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change for the maintenance stage. The average amplitude of responses at the third and the 

fourth TRs (4.5s and 6 s) after the onset of the probe word (i.e., the eleventh and the twelfth 

TRs after the memory word) were used as the signal for the retrieval stage. Paired t-tests were 

conducted on the signal changes to compare between the phonological and semantic tasks, as 

well as the single task condition versus fixation baseline, during the encoding, maintenance and 

retrieval stages respectively. Multiple comparisons correction was conducted to estimate the 

cluster size threshold based on a voxel-wise p value of 0.001 and then corrected at the cluster-

wise α value of 0.05. This simulation approach has been shown to effectively control the false 

positive rate under 5% (Cox, Chen, Glen, Reynolds, & Taylor, 2017). 

 

Representation dissimilarity matrix   

Two representation dissimilarity matrices (RDM) were constructed for the phonological 

and semantic representations separately. The elements in the representation dissimilarity 

matrix are the pairwise distances (either phonological or semantic) among the twenty-four 

memory words. The phonological distances were estimated using Phonological CorpusTools 

(PCT) (Mackie, Hall, Allen, McAuliffe, & Fry, 2014) 

(http://phonologicalcorpustools.github.io/CorpusTools/) 2. Specifically, pronunciations of all 

words were first obtained from The Carnegie Mellon University Pronouncing Dictionary (Weide, 

                                                        
2 In addition to the method used in the main text, another two theoretical approaches (Albright & Hayes, 2003; 
Mueller, Seymour, Kieras, & Meyer, 2003), as well as a subjective rating approach from an independent set of 36 
participants, were used to construct the phonological representation dissimilarity matrices.  Three theoretical 
approaches and the subjective rating gave similar pair-wise distances for twenty-four words used in the study. In 
addition, patterns of RSA results were highly similar based on all four approaches, suggesting that the results were 
not biased by the specific method used to estimate the theoretical representation (See Appendix C). In the main 
text, I reported results based on the PCT method, which gave the largest and most significant effect sizes in term of 
the phonological RSA evidence.  
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1994) (http://www.speech.cs.cmu.edu/cgi-bin/cmudict) and phonological transcriptions were 

coded with a set of phoneme symbols (ARPAbet) (Shoup, 1980) which was developed for 

speech recognition uses. To calculate the phonological distance, phonological strings for each 

pair of words were aligned as to minimize the number of different phonemes between the two 

strings. All phoneme segments were mapped into a phoneme feature space (Hayes, 2008). The 

distance between two phoneme segments was equal to the distance between their phoneme 

feature values (Allen & Becker, 2015) - that is, the distance between two identical feature 

values is 0, while the distance of two opposite values (e.g., voiced/unvoiced) is 1, and the 

distance between two feature values in case one of them is unspecified is set to 0.25. The 

phonological distance between two words was calculated as the sum of the distances between 

all phoneme segment pairs.  

The semantic distances were estimated using the Latent Semantic Analysis (LSA) 

(Landauer & Dumais, 1997) modeling method 3. LSA measures reflect the cosine distance 

between a given set of factors (e.g., 100) which represent the contexts in which a word appears. 

It provides a semantic similarity measure which reflects the contextual-usage meanings of two 

words (Carota, Kriegeskorte, Nili, & Pulvermüller, 2017; Fischer-Baum, Bruggemann, Gallego, Li, 

& Tamez, 2017). The pairwise LSA similarity scores were obtained using an online LSA tool 

(http://lsa.colorado.edu/), and the semantic distance was calculated as 1 minus the LSA score 

for each pair of words. The phonological and semantic RDMs were estimated on the same set 

                                                        
3 In addition to the LSA method, another theoretical approach based on WordNet method (G. A. Miller, 1995; Z. 
Wu & Palmer, 1994) and a subjective rating approach from an independent set of 38 subjects were used to 
construct the semantic representation dissimilarity matrices (See Appendix C). Two theoretical approaches and the 
subjective rating method showed mild correlations on the distances for all word pairs with each other. The LSA 
method and the subjective rating method showed similar patterns of RSA results in the semantic task. In the main 
text, I reported results based on the LSA method for the semantic task.  
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of memory words. By design, the Pearson correlation between the two RDMs was near zero 

(r=0.004, p=0.94). This independence allowed me to evaluate the unique contribution of the 

representation from one domain, as compared to another.   

 

ROI-based representational similarity analysis   

RSA analyses were conducted in several regions of interest. ROIs were defined from the 

previous literature or from an anatomical atlas. These ROIs were chosen based on whether 

previous evidence suggested that they were involved in either phonological (or semantic) 

processing or retention. An ROI for either phonological or semantic processing was expected to 

show RSA evidence for that domain during the encoding period of the corresponding task. As 

for STM, according to the embedded processes account, the regions showing RSA evidence 

during the encoding period would show RSA evidence as well during the delay period, whereas 

the buffer account would predict that a dissociation between the regions showing RSA evidence 

during encoding and delay periods.  

First of all, I chose ROIs based on brain regions showing activation or decoding evidence 

in previous studies. For the phonological STM task, two ROIs were chosen from our recent 

study which tested the buffer vs. embedded processes debate with univariate and MVPA 

approaches (Yue et al., 2018): one was in the left superior temporal gyrus (STG) and the other 

in the left supramarginal gyrus (SMG). The left STG is a speech processing area which was 

defined by a speech localizer task. In contrast, the left SMG showed converging neural evidence 

for phonological retention and had been proposed as a phonological buffer (R. C. Martin, 2005; 

Paulesu et al., 1993; Salmon et al., 1996; Yue et al., 2018). However, the specific format of the 
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representations in either the STG or SMG remain unclear. With RSA, I can validate whether 

neural patterns are consistent with phonological representations.  

For the semantic task, I created a spherical ROI in the left inferior frontal gyrus based on 

two studies on semantic short-term retention (Hamilton et al., 2009; R. C. Martin et al., 2003). 

These two studies found converging evidence showing that the left middle and/or inferior 

frontal gyrus were involved in semantic retention. In Martin et al.’s studies, a region in the left 

middle frontal gyrus (Talairach coordinates: x=-40, y=9, z=27) showed a load effect (i.e., greater 

activity for four-word list than one word) in a delayed synonym judgment task. Similarly, in 

Hamilton et al.’s studies, three regions in the left inferior frontal gyrus (Talairach coordinates: 

x=-41, y=27, z=20) and the left middle frontal gyrus (Talairach coordinates: x=-33, y=16, z=27, 

and x=-41, y=21, z=29) showed greater activity for a before condition, in which subjects needed 

to maintain the meanings of three adjective words before integrating them with a subsequent 

noun, than an after condition, in which subjects could immediately integrate a noun with the 

meanings of adjective words appearing after the noun, suggesting that these regions were 

involved in semantic retention. A spherical ROI with a radius of 12mm was created to 

encompass these coordinates, with the center of this spherical ROI at x=-39, y=18, z=26.  
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Figure 1.7.  Anatomical regions of interest defined based on the cortical parcellation from Freesurfer: (A) 
the left angular gyrus; (B) the left posterior middle temporal gyrus; (C) the left anterior temporal lobe; 
(D) the opercular part (E) the triangular part and (F) the orbital part of the left inferior frontal gyri. 
 

In addition to regions functionally defined from previous studies, I also chose several 

ROIs based on an anatomical parcellation (Destrieux, Fischl, Dale, & Halgren, 2010) created by 

FreeSurfer (Fischl et al., 2004) (Figure 1.7). These regions were considered based on previous 

literature in the semantic domain, according to their involvement in either semantic STM (e.g., 

the left inferior frontal gyrus (Hamilton et al., 2009; R. C. Martin et al., 2003; Shivde & 

Thompson-Schill, 2004), or the semantic processing per se (e.g., the left anterior temporal lobe 

(ATL) (Patterson, Nestor, & Rogers, 2007; Peelen & Caramazza, 2012; Visser, Jefferies, & 

Lambon Ralph, 2010), the left posterior middle temporal gyrus (MTG) (Visser, Jefferies, 

Embleton, & Lambon Ralph, 2012; Wei et al., 2012), the left angular gyrus (AG) (Binder et al., 

2009; A. R. Price, Bonner, Peelle, & Grossman, 2015; Seghier, Fagan, & Price, 2010). For the left 

inferior frontal gyrus, three different sub-regions (opercular, triangular, and orbital) were 

created. The ATL has been traditionally defined as the region in the temporal lobe anterior to 

the limen insula (Insausti et al., 1998). This corresponds to the region with coordinates along 
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the y-axis being larger than 3 in the AFNI template in the Talairach space (Simmons, Reddish, 

Bellgowan, & Martin, 2010).  In practice, the left ATL mask consisted of four parts: one was the 

ventral temporal pole directly obtained from the Freesurfer parcellation (Destrieux et al., 2010) 

and the other three were the anterior-most parts of the superior, the middle, the inferior 

temporal gyri, matching the criteria (y>=3) described above 4. The extent of the left ATL defined 

in this way was consistent with that in other anatomical atlases (e.g., AAL atlas and Harvard-

Oxford atlas) (Desikan et al., 2006; Tzourio-Mazoyer et al., 2002). The posterior MTG was 

defined as the middle temporal gyrus of the Freesurfer parcellation (Destrieux et al., 2010) with 

the coordinate along the y-axis being less than -38 in the Talairach space. The y-axis coordinates 

criteria used to define ROIs were applied in the native space for each individual subject.  

 

 

Figure 1.8.  ROI-based RSA data analysis strategy. For a given region of interest, the neural dissimilarity 
was calculated for each pair of words based on the neural activation pattern across all voxels in that ROI, 
to estimate the neural representational dissimilarity matrix (RDM) (dark green). Then, the neural RDM 
was compared to either the phonological RDM (blue) or semantic RDM (red). This procedure was 
conducted for activation pattern obtained during the encoding period and the delay period of the 
phonological task and the semantic task, respectively. 
 

                                                        
4 See Appendix J for an illustration of the ROI in the left ATL. 
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RSA was performed by using CoSMoMVPA toolbox (Oosterhof, Connolly, & Haxby, 2016) 

and custom scripts in Matlab (R2018a, The MathWorks, Inc.). To conduct RSA, masks of priori 

ROIs were obtained for each individual by using an inverse transformation to warp from the 

standard space to each individual’s native space. Masks of anatomical ROIs were directly 

applied since these masks were obtained in the native space. The RSA procedure was 

conducted on a timepoint-by-timepoint basis from the third TR to the eighth TR (i.e., from the 

4.5 s to 12 s after the onset of the memory word), to uncover the potential dynamic nature of 

the STM representations (Cichy, Pantazis, & Oliva, 2014). This range spanned from the encoding 

period to the delay period but stopped before probe presentation and was thus 

uncontaminated by probe processing and memory retrieval. RSA was also performed on the 

average delay period activation pattern across the fifth TR to the eighth TR in case a stable STM 

representation was maintained over the delay period which might be detected by data 

averaged over the entire delay but not at each TR (Murray et al., 2017; Spaak, Watanabe, 

Funahashi, & Stokes, 2017). The RSA procedure is illustrated in Figure 1.8. In each ROI, first, I 

calculated the Pearson correlation distance (i.e., 1 - correlation coefficient) on neural activation 

patterns (i.e., beta values) across all voxels in that ROI for each pair of words. The Pearson 

correlation distance has been suggested for use in estimating dissimilarity of neural signals 

(Haxby et al., 2001; Kiani, Esteky, Mirpour, & Tanaka, 2007; Kriegeskorte et al., 2008). Before 

calculating the pair-wise neural pattern distance, the data were centered across all conditions 

(i.e., subtracting the mean activation pattern of all words). This de-meaning procedure was 

recommended when using correlation distance as the neural similarity metric (Diedrichsen & 

Kriegeskorte, 2017), and it has been shown that it effectively removes the influence of a 
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common component for all words (e.g., overall activation pattern for conditions of interest 

relative to the baseline) (Walther et al., 2016), but preserves the relative response differences 

between words (Misaki, Kim, Bandettini, & Kriegeskorte, 2010). Then, the neural-model 

correspondence was estimated by using Spearman’s rank correlation 5 between the neural 

representation dissimilarity matrix and the model matrix. For the phonological task, the neural 

representation matrix was related to both the target model matrix (i.e., phonological 

representation dissimilarity matrix) and the non-target model matrix (i.e., semantic 

representation dissimilarity matrix).  The non-target theoretical matrix serves as a control 

condition to test the specificity of the representational similarity for the target condition. 

Similar analytical procedures were conducted for the semantic task. For group level inference, 

Fisher r-to-z transformation was applied to the neural-model correlation coefficient to make 

them more normally distributed. One-sample one-tailed t-tests were conducted on the average 

transformed z values across all subjects, to determine if the neural-model similarity was greater 

than zero.  

 

Whole brain searchlight representational similarity analysis   

For exploratory purposes, a searchlight RSA procedure (Kriegeskorte, Goebel, & 

Bandettini, 2006) was conducted across the whole brain to assess the representational 

similarity between the brain activation pattern and the theoretical model during the encoding 

                                                        
5 The Spearman rank correlation was typically used to estimate the similarity between the neural matrix and the 
theoretical matrix, assuming that the dissimilarity metrics between the neural and model domains may not follow 
a linear but monotonic match (Kriegeskorte et al., 2008).  I also compared the neural dissimilarity matrix and the 
model dissimilarity matrix by using the Pearson correlation, as well as another kind of rank correlation metric (i.e., 
Kendall’s tau) (Nili et al., 2014) (See Appendix D). Three different measures gave highly consistent patterns on the 
neural-model similarity in the current study.  
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and the delay periods in each task. A spherical region with a radius of 12mm (about 900 voxels 

for each spherical searchlight ROI) around each voxel was created, and RSA was performed in 

this spherical region 6. The result of RSA (i.e., neural-model similarity value) was returned to the 

central voxel. The searchlight procedure was administered in each individual’s native space and 

spanned across all voxels within the whole brain. Then, the correlation map was transformed 

into z values (i.e., Fisher r-to-z transformation) and warped onto a template (TT_N27 in AFNI) in 

the Talairach standard space, and the average transformed z map was tested against zero by 

using a one-sample one-tailed t-test for group level inference. 

 

1.3 Results 

All sixteen subjects finished the semantic task. One subject finished the semantic task 

but withdrew from the study before doing the phonological task; thus, only fifteen subjects 

finished the phonological task. 

1.3.1 Behavioral results in the scanner 

Figure 1.9 shows in-scanner behavioral performance on the phonological and semantic 

STM tasks. Basically, the patterns of results in term of the proportion of responses for each type 

of probe were consistent with expectations for both tasks, indicating that subjects maintained 

the sounds and meanings of the memory words in the two tasks and used those appropriately 

in making their judgments (See Appendix A for results of a pilot test outside the scanner which 

were highly consistent with ones observed in the scanner; see Appendix B for individuals’ data).  

                                                        
6 I also performed the searchlight procedures by using different spherical regions with radii of 10mm (about 520 
voxels per each sphere) and 8mm (about 260 voxels per each sphere). Similar results were observed with a trend 
that the effect size increased as the radius increased (See Appendix F). 
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Figure 1.9.  Behavioral results in the scanner in Experiment 1: Average response proportion across 
subjects for (A) the phonological STM task and (B) the semantic STM task. Error bars represent the 
standard error of the mean. 
 

1.3.2 Univariate fMRI results 

Univariate activation analyses confirmed the overall activation pattern across all 

memory words in two tasks. As shown in Figure 1.10A and 1.10B, in both phonological and 

semantic tasks, during the encoding stage, as compared to the fixation baseline, the memory 

words activated two large clusters along bilateral superior temporal gyri, including the primary 

auditory cortex (i.e., Heschl’s gyrus) and the lateral superior temporal gyrus (voxel p<0.001, 

corrected at α <0.05, cluster size > 35). The lateral aspect of the superior temporal gyrus has 

been assumed to be involved in speech perception (C. J. Price, 2012; Turkeltaub & Coslett, 

2010), such as representing the phonetic features (Mesgarani, Cheung, Johnson, & Chang, 

2014). Activation in this region suggested that subjects successfully encoded the spoken words. 

Moreover, the spoken words in the semantic task activated additional regions in bilateral 

inferior temporal gyri, bilateral frontal gyri, the left intraparietal sulcus, and the medial 

posterior cingulate cortex (See Table 1 for a complete list of regions activated during the 
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encoding periods in two tasks). Although these regions beyond the bilateral superior temporal 

gyri were not observed during the encoding period of the phonological task, the difference 

between the semantic and the phonological tasks did not reach significance under the same 

threshold used in comparing a single task to the fixation baseline. When a lenient threshold 

without correction (voxel p<0.05, uncorrected, cluster size > 100) was applied to the 

comparison between the two tasks, more activation in bilateral posterior cingulate cortex was 

observed for the semantic task than the phonological task. These medial regions have been 

consistently observed in semantic processing and have been regarded to be involved in episodic 

memory (Binder et al., 2009). This might reflect that, in the semantic task, the memory words 

evoked past experiences associated with concepts and meanings of those words.  

 

 
Figure 1.10.  Univariate activation results in Experiment 1 for the phonological and the semantic tasks, 
relative to a fixation baseline, during (A, B) the encoding period, (C, D) the delay period, and (E, F) the 
retrieval period. The activation threshold was set at voxel-wise p=0.001 and corrected at cluster-wise α 
= 0.05 (cluster size > 35 voxels). 
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Table 1.  Univariate activated regions during the encoding stages in the phonological and semantic tasks. 

Region Talairach Coordinates Peak t 
value 

Cluster size 
(voxel) x y z 

Phonological task vs. baseline (p<0.001,a 
<0.05)      

Right superior temporal gyrus 59 -25 12 12.49 1213 
Left superior temporal gyrus -57 -15 8 10.82 1004 
Right cerebellum 21 -57 -16 9.33 337 
Left cerebellum -23 -59 -18 8.95 321 
Right calcarine gyrus 17 -65 8 5.86 313 
Left lingual gyrus -13 -53 -4 7.05 122 
Left insular gyrus -45 -3 -2 6.51 57 
      

Semantic task vs. baseline (p<0.001,a <0.05)      
Inferior temporal gyrus and cerebellum -5 -83 16 11.13 4421 
Right superior temporal gyrus 57 -17 8 14.03 1974 
Left superior temporal gyrus -59 -13 6 11.63 1591 
Left inferior frontal sulcus -33 9 32 7.19 118 
Left putamen -21 7 8 7.96 100 
Left precentral gyrus -43 -9 46 7.34 77 
Right middle frontal gyrus 35 41 6 7.35 64 
Left Thalamus -5 -17 12 5.34 56 
Left intraparietal sulcus -31 -63 38 5.85 52 
Left supplementary motor area -5 1 56 6.21 52 
Left posterior cingulate cortex -3 -29 26 9.12 41 
Right Insular gyrus 41 3 -10 5.78 39 
Left inferior frontal gyrus (tri.) -35 29 22 6.35 35 
      

Semantic > phonological (p<0.05, uncorrected, 
cluster size > 100 voxels)      

Left posterior cingulate cortex -5 -37 32 5.85 139 
Left superior occipital gyrus -15 -69 24 5.67 127 
Right posterior cingulate cortex 19 -35 32 3.16 113 

 

During the delay period, there was no activation significantly greater than fixation 

baseline for either the phonological task or the semantic task. Instead, there was de-activation 

in the primary auditory cortex in both tasks (See Figure 1.10C, 1.10D and Table 2). Previous 

studies in humans and primate animals have found that the auditory cortex was suppressed 

under self-generated vocalization (Eliades & Wang, 2003; 2005; Houde, Nagarajan, Sekihara, & 

Merzenich, 2002). Thus, the de-activation observed in the primary auditory cortex might reflect 
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modulation arising from inner speech that subjects used to rehearse the memory words during 

the delay.  

 

Table 2.  Univariate activated regions during the delay stages in the phonological and semantic tasks. 

Region Talairach Coordinates Peak t 
value 

Cluster size 
(voxel) x y z 

Phonological task vs. baseline (p<0.001,a 
<0.05)      

Right precentral gyrus 19 -27 64 -7.12 87 
Left Heschl’s gyrus -35 -27 14 -6.23 46 

      
Semantic task vs. baseline (p<0.001,a <0.05)      

Left Heschl’s gyrus -37 -31 14 -6.33 151 
Right Heschl’s gyrus 45 -15 10 -7.88 84 

 

During the retrieval period (Figure 1.10E, 1.10F), as compared to the encoding period, a 

set of additional (larger) activated clusters (relative to the fixation baseline) were observed 

along the parietal and frontal gyri (See Table 3 for a complete list of activated regions during 

the retrieval period). No significant difference in the activation between the phonological and 

the semantic tasks was observed with a conservative threshold (voxel p<0.001, corrected at α 

<0.05). When a lenient threshold (voxel p<0.05, uncorrected, cluster size > 100) was applied to 

the comparison, some regions showed preferential activation for the phonological and the 

semantic tasks respectively. As shown in Figure 1.11, the ventral part (triangular and orbital) of 

the left inferior frontal gyrus, the left posterior middle temporal gyrus and the left 

hippocampus showed more activation for the semantic task than the phonological task, 

whereas the dorsal part (opercular) of the left inferior frontal gyrus, the bilateral inferior 

parietal lobe (including the left supramarginal gyrus) and the left inferior temporal gyrus 

showed more activation for the phonological task than the semantic task. This pattern 
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suggested that subjects maintained the sounds or meanings of the memory words and used 

that information in making the judgments in different tasks.  

 

 

Figure 1.11.  Differences in the univariate activation between the phonological and semantic tasks 
during the retrieval stage. 
 

 

Table 3.  Univariate activated regions during the retrieval stages in the phonological and semantic tasks. 

Region Talairach Coordinates Peak t 
value 

Cluster size 
(voxel) x y z 

Phonological task vs. baseline (p<0.001,a 
<0.05)      

Left superior temporal and insular gyri -29 21 10 11.65 4990 
Right superior temporal and insular gyri 31 19 12 11.82 2359 
Left thalamus -3 -17 -4 13.10 1818 
Anterior cingulate cortex -1 19 42 11.99 1729 
Calcarine gyrus 5 -73 10 8.35 1366 
Right cerebellum 21 -55 -16 8.78 830 
Left cerebellum -31 -49 -24 7.33 431 
Right intraparietal sulcus 31 -59 44 7.32 260 
Right inferior frontal gyrus (oper.) 41 5 28 8.80 213 
Right middle cingulate cortex 5 -29 28 8.14 93 
Right inferior parietal lobule 49 -37 46 6.95 83 
Right middle frontal gyrus 33 39 32 6.96 56 

      
Semantic task vs. baseline (p<0.001,a <0.05)      

Left superior temporal and insular gyri -27 25 6 13.99 4650 
Right superior temporal gyrus 57 -17 8 13.65 2967 
Anterior cingulate cortex 7 19 36 12.97 1594 
Calcarine gyrus 3 -71 2 8.13 1567 
Left caudate -9 5 12 9.18 550 
Right precentral gyrus 43 -1 42 8.72 447 
Right caudate 15 15 4 15.06 399 
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Right intraparietal sulcus 31 -61 40 6.21 94 
Left middle cingulate cortex -3 -31 26 6.86 73 
Left inferior temporal gyrus -43 -47 -6 6.85 48 
Right middle frontal gyrus 35 -5 52 6.74 46 

      
Phonological > semantic (p<0.05, uncorrected, 
cluster size > 100 voxels)      

Right angular gyrus 39 -51 32 3.88 169 
Left inferior frontal gyrus (oper.) -49 5 24 4.57 122 
Left middle frontal gyrus -37 45 22 3.36 120 
Left intraparietal sulcus -21 -65 34 3.74 110 
Left inferior temporal gyrus -43 -61 -4 4.46 109 
Left inferior parietal lobule -37 -45 44 5.58 106 
Left supramarginal gyrus -53 -27 36 4.09 100 
      

Semantic > phonological (p<0.05, uncorrected, 
cluster size > 100 voxels)      

Left inferior frontal gyrus (tri. and orb.) -37 33 -6 5.36 485 
Left Hippocampus -19 -9 -14 4.71 257 
Left precuneus -5 -51 12 5.31 228 
Left posterior middle temporal gyrus -51 -59 20 4.02 165 

 

To summarize the univariate analyses results, similar brain regions were activated 

during the encoding period for the phonological task and the semantic task. During the delay 

period, no sustained activity as compared to the fixation baseline was observed in any region 

for the two tasks. For both the encoding period and the delay period, univariate activation 

analyses did not find any difference between the phonological and semantic tasks. However, 

different representations (phonological vs. semantic) might be coded in a region irrespective of 

whether that region showed significant univariate activation. Such information could not be 

read out from the overall activity in a given region. Then, I used RSA to assess the 

correspondence of the multivariate activation pattern on phonological and semantic STM to 

their theoretical representations.  
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1.3.3 Functional ROI-based RSA results 

Regions predicted to show phonological decoding evidence  

As shown in Figure 1.12, in the phonological task, the left STG showed significant 

phonological RSA decoding evidence (i.e., with the phonological representation model, dark 

blue bars in Figure 1.12A) during the encoding period (e.g., the fourth TR: t(14)=2.46, p=0.014), 

confirming its involvement in representing the phonological information for words, but no 

significant phonological RSA decoding evidence (ps>0.1) over the delay period except for a 

marginally significant similarity index at an early time point of the delay period (at the fifth TR: 

t(14)=1.61, p=0.07). When calculating the neural-model similarity based on the average 

activation pattern across the delay period (i.e., across the fifth TR to the eighth TR), the 

similarity index was not significant either (t(14)=1.36, p=0.1).  This region did not show any 

semantic RSA decoding evidence (i.e., with the semantic representation model, light blue bars 

in Figure 1.12A) in the phonological task during either the encoding or the delay period (ps>0.2).  

In the semantic task, the left STG showed no RSA evidence with either the semantic 

representation model (dark red bars in Figure 1.12A) (ps>0.1) or the phonological 

representation model (light red bars in Figure 1.12A) (ps>0.3) during either the encoding or the 

delay period. Taken together, observations in the left STG indicated that this region was 

involved in phonological processing but did not maintain the phonological information over the 

delay period. 

 



 

 

- 39 - 

 

Figure 1.12.  RSA results in regions of interest defined based on a recent study on phonological STM (Yue 
et al., 2018). The graphs show the average neural-model similarity index (i.e., Spearman correlation 
coefficient) at each time point spanning from the encoding period to the delay period (i.e., from the 
third TR to the eighth TR), with the one derived from the average activation pattern (delay.ave) across 
the delay period (i.e., the fifth TR to the eighth TR) on the most right side of the x-axis in two ROIs: (A) 
the left superior temporal gyrus; (B) the left supramarginal gyrus. The colors indicate the task with the 
blue for the phonological STM task and red for the semantic STM task. The dark colors represent the 
correlations with the target models whereas the light colors represent the correlations with the control 
models.  Error bars represent the standard error of the mean. Dashed lines indicate the typical 
boundaries between the encoding period and the delay period. pho: phonological; sem: semantic.  
 

In contrast, the left SMG did not show phonological RSA decoding evidence (i.e., with 

the phonological representation model, dark blue bars in Figure 1.12B) during the encoding 

stage of the phonological STM task (RSA similarity index < 0), but showed significant 

phonological RSA evidence during the delay period (e.g., TR=6: t(14)=2.94, p=0.005; or marginally 

significant at TR=7: t(14)=1.49, p=0.08). The phonological RSA evidence remained significant 

when evaluating the neural-model similarity based on the average activation pattern over the 

delay period (t(14)=1.87, p=0.04). The activation pattern in the phonological task did not show a 

correlation with the semantic representation model (light blue bars in Figure 1.12B) in this 

region during either the encoding or the delay period (ps>0.2). In the semantic task, the left 

SMG showed no RSA evidence with either the semantic representation model (dark red bars in 

Figure 1.12B) (ps>0.15) or the phonological representation model (light red bars in Figure 1.12B) 
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(ps>0.2) during either the encoding or the delay period. Taken together, findings in the left SMG 

suggested that this non-perceptual region was involved in maintaining the phonological 

representations over the delay period, instead of encoding the phonological representations 

per se. 

 

 

Figure 1.13.  RSA results in a spherical region of interest in the middle/inferior frontal gyrus (Talairach: 
x=-39, y=18, z=26) defined based on two previous studies on semantic STM (Hamilton et al., 2009; R. C. 
Martin et al., 2003). The graph shows the average neural-model similarity index (i.e., Spearman 
correlation coefficient) at each time point spanning from the encoding period to the delay period (i.e., 
from the third TR to the eighth TR), with the one derived from the average activation pattern (delay.ave) 
across the delay period (i.e., the fifth TR to the eighth TR) on the most right side of the x-axis. Legend 
has the same indications as in Figure 1.12. 
 

Regions predicted to show semantic RSA evidence  

In a functionally-defined semantic ROI in the left middle/inferior frontal gyrus (Figure 

1.13), there was no significant RSA decoding evidence for the semantic task with the semantic 

model during either the encoding period or the delay period. Interestingly, however, there was 

significant RSA evidence for the semantic task with the phonological model during the encoding 

period (TR=4) (t(15)=1.83, p=0.04). This region showed significant RSA decoding across the delay 

period for the phonological task with the phonological model (t(14)=3.07, p=0.004) when using 
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the average activation pattern. There was no significant RSA evidence for the phonological task 

with the semantic model during either the encoding period or the delay period. Taken together, 

RSA findings in this frontal region did not accord with previous findings that this region showed 

greater univariate overall activity for a high-semantic demand condition (e.g., high semantic 

memory load) than for a low-semantic demand condition (Hamilton et al., 2009; R. C. Martin et 

al., 2003). This discrepancy might be due to the different natures of the semantic tasks used in 

the current and previous studies. In previous studies, Martin et al. (2003) and Hamilton et al. 

(2009) included conditions which required more explicit and higher demands of semantic 

retention (e.g., maintaining meanings for 4 words versus 1 word), whereas the current study 

only included a one-word condition and employed a relatively implicit semantic retention task. 

Actually, the searchlight RSA uncovered a cluster in the left middle frontal gyrus (Talairach: x=-

49, y=15, z=32) which was close to this frontal ROI (x=-39, y=18, z=26) but more lateral and 

superior to showing some evidence on semantic retention (See searchlight results, Figure 1.17B, 

Table 5). 
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Figure 1.14.  RSA results in anatomical regions of interest. The graphs show the average neural-model 
similarity index (i.e., Spearman correlation coefficient) at each time point spanning from the encoding 
period to the delay period (i.e., from the third TR to the eighth TR), with the one derived from the 
average activation pattern (delay.ave) across the delay period (i.e., the fifth TR to the eighth TR) on the 
most right side of the x-axis in six ROIs: (A) the left angular gyrus; (B) the left posterior temporal gyrus; 
(C) the left anterior temporal lobe; (D) the opercular part, (E) the triangular part, and (F) the orbital part 
of the left inferior frontal gyri. Legends have the same indications as in Figure 1.12. 
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1.3.4 Anatomical ROI-based RSA results.   

RSA was also conducted in several anatomical ROIs. As shown in Figure 1.14A, in the left 

angular gyrus, there was consistent RSA evidence for the phonological task with the 

phonological model (TR=5: t(14)=1.99, p=0.03; TR=7: t(14)=2.6, p=0.01; TR=8: t(14)=2.11, p=0.03; 

delay.ave: t(14)=2.05, p=0.03), and RSA evidence for the semantic task with the semantic model 

(TR=5: t(15)=1.71, p=0.053; TR=6: t(15)=2.11, p=0.03; TR=7: t(15)=3.93, p=0.0007; TR=8: t(15)=2.02, 

p=0.03; delay.ave: t(15)=3.18, p=0.003) over the delay period when estimating the similarity 

index either using the TR-by-TR approach or using the average activation pattern. This RSA 

evidence was not observed during the encoding period in either task except for marginally 

significant evidence in the semantic task (TR=4: t(15)=1.47, p=0.08). These results suggest that 

this region could maintain either the phonological representation or the semantic 

representation during the delay period in the corresponding STM task. Interestingly, however, 

this region did not show RSA evidence for a given task with the control model (e.g., the 

semantic task with the phonological model). If this region could maintain multiple 

representations simultaneously, one would expect to see this region maintaining the 

phonological representation as well in the semantic task, but this was not the case. This 

suggested that the neural representation in this region was modulated by the task context (See 

Section 1.4.2 for more discussion of this region).  

In the left posterior middle temporal gyrus (Figure 1.14B), there was significant RSA 

evidence during the late stage of the delay period for the semantic task with the semantic 

model (TR=7: t(15)=1.82, p=0.04; TR=8: t(15)=2.19, p=0.02), but not during the encoding period. 

Also, this RSA evidence was not evident for the phonological task with the phonological model 
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during either the encoding period or the delay period, although marginally significant evidence 

was observed when using average delay-period activation pattern to estimate the similarity 

coefficient (delay.ave: t(14)=1.76, p=0.05).  

In the left anterior temporal lobe (Figure 1.14C), the only significant RSA evidence was 

observed in the phonological task with the phonological model when using average delay-

period activation pattern to estimate the similarity coefficient (delay.ave: t(14)=3.71, p=0.001). 

During the delay period of the phonological task, there was marginally significant RSA evidence 

for the phonological model at some timepoints (TR=5; t(14)=1.56, p=0.07; TR=8; t(14)=1.44, 

p=0.09).There was also marginally significant RSA evidence in the semantic task with the 

phonological model at a timepoint during the encoding period (TR=3; t(15)=1.53, p=0.07). Other 

than that, there was no significant RSA evidence during the encoding or the delay periods, for 

either task with either model.  

In the left inferior frontal gyrus, the opercular part showed significant RSA evidence for 

the phonological task with the phonological model during the encoding stage (TR=4; t(14)=2.25, 

p=0.02), but not during the delay period (ps>0.1). There was no RSA evidence in the semantic 

task for either the semantic model or the phonological model. In contrast, the triangular part 

showed significant RSA evidence for the phonological task with the phonological model during 

the delay period (TR=5; t(14)=2.15, p=0.02; TR=6; t(14)=1.91, p=0.04; TR=7; t(14)=2.76, p=0.008; 

delay.ave: t(14)=2.3, p=0.02), but not during the encoding period (ps>0.2). Thus, there was an 

anatomical dissociation between the opercular part for phonological encoding and the 

triangular part for phonological retention (See Section 1.4.1 for more discussion regarding this 

dissociation). The triangular part showed marginally significant RSA evidence for the semantic 
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task with the semantic model during the encoding period (TR=4; t(15)=1.57, p=0.07), but no 

evidence over the delay period (ps>0.2). In the orbital part, there was no RSA evidence except 

for the phonological task with the phonological model at a timepoint during the delay period 

(TR=7: t(14)=1.8, p=0.046).  

 

1.3.5 Whole brain searchlight RSA results 

In addition to the ROI-based RSA, I also used a searchlight procedure to explore the 

neural-model similarity across the whole brain. For each task, I correlated the neural 

dissimilarity matrix with the target theoretical matrix (e.g., phonological model for the 

phonological STM task), as well as the non-target theoretical matrix (e.g., semantic model for 

the phonological STM task). For exploratory purposes, the threshold was set at a lenient and 

uncorrected level - that is, the voxel-wise p was less than 0.01 and cluster size was greater than 

100 voxels. Under this threshold, no significant RSA was observed in the semantic task. So, for 

the semantic task, the voxel-wise p was set at less than 0.05 and the cluster size at greater than 

100 voxels. Results are shown for the phonological task and the semantic task separately.  

In the phonological STM task, during the encoding stage (Figure 1.15A), there were 

clusters in the left superior temporal cortex showing RSA evidence with the phonological model, 

confirming the involvement of this region in encoding the phonological information. In addition 

to the left superior temporal gyrus, RSA evidence was also observed in the right posterior and 

anterior temporal gyri, and the right prefrontal cortex (See Table 4 for a complete list). During 

the delay period (Figure 1.15B), a large cluster in the left anterior temporal lobe and a small 

cluster in the right anterior temporal lobe showed RSA evidence with the phonological model. 
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The anterior temporal lobe has been regarded as a semantic hub which integrates modality-

dependent information. Thus the RSA evidence for phonological retention in these anterior 

regions may reflect that subjects maintained the sound of the memory word with which they 

also accessed the meaning for that word. Actually, this explanation seems consistent with an 

observation in the timepoint-by-timepoint searchlight analysis in the semantic task, that is - a 

small cluster in the left anterior temporal region showed RSA evidence with the semantic model 

at an early timepoint of the delay period (Figure 1.18A). Bilateral prefrontal gyri also showed 

RSA evidence for phonological representations during the delay period. This RSA evidence with 

the phonological model was not observed with the semantic model. These results were 

basically consistent with expectations, in that different regions were involved in encoding and 

maintaining the phonological representations, thus supporting the buffer account for the 

phonological STM. Notice, however, that these anterior STG regions differed from the SMG 

region found in Yue et al. (2018) and in the functional ROIs discussed earlier in the present 

experiment. With the searchlight procedure, no region in the left inferior parietal lobe but only 

an adjacent region at the posterior end of the Sylvian fissure (inferior to the supramarginal 

gyrus) was observed during the delay period showing RSA evidence with the phonological 

model. This might be due the fact that a spherical region was not sensitive in representing the 

phonological information in the inferior parietal lobe, as compared to the functionally defined 

region used in the ROI-based analysis. 
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Figure 1.15.  Searchlight RSA results showing the similarity of the neural representation with the target 
theoretical matrix (i.e., phonological) during (A) the encoding period and (B) the delay period, and with 
the non-target theoretical matrix (i.e., semantic) during (C) the encoding period and (D) the delay period 
of the phonological STM task. (p<0.01, cluster size > 100 voxels) 
 

Table 4.  Searchlight RSA results in the phonological STM task. 

Region Talairach Coordinates Peak t 
value 

Cluster size 
(voxel) x y z 

(The encoding period)      
Phonological task with phonological model      

Left posterior cingulate cortex -11 -33 26 6.45 1284 
Right middle frontal gyrus 27 -7 50 5.98 1135 
Right superior frontal gyrus 13 67 10 6.81 933 
Right superior temporal gyrus 57 -11 12 6.39 366 
left superior temporal gyrus -43 -39 6 6.12 237 
Right middle frontal gyrus 37 53 10 5.98 206 
Right medial frontal gyrus 9 51 -10 5.56 164 
Right anterior middle temporal gyrus 61 -11 -22 4.65 120 

      
Phonological task with semantic model      

n.s. region      
      

(The delay period)      
Phonological task with phonological model      

Right prefrontal cortex 25 49 6 8.75 11265 
Left middle temporal gyrus -47 -25 -8 7.24 1922 
Left middle frontal gyrus -39 31 30 5.44 423 
Left cerebellum -43 -69 -36 4.26 413 
Right anterior inferior temporal gyrus 45 -3 -30 4.85 291 
Left superior frontal gyrus -17 31 30 5.47 197 
Right postcentral gyrus 29 -37 34 4.33 170 
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Left precentral gyrus -33 -5 34 4.82 151 
Right superior parietal lobule 9 -73 52 4.88 128 
      

Phonological task with semantic model      
n.s. region      

 

When conducting the timepoint-by-timepoint searchlight procedure, RSA evidence was 

consistently observed across the timepoints (e.g., TRs = 6, 7) during the delay period in the left 

anterior temporal lobe, but not for the bilateral prefrontal lobes (Figure 1.16A-C). However, the 

clusters showing RSA evidence during the delay period in the temporal cortex were still anterior 

or inferior to the ones which were observed during the encoding period (Figure 1.15A), 

suggesting that different regions were involved in encoding and maintaining the phonological 

information. No RSA evidence for phonological retention was observed in the inferior parietal 

lobe which had been predicted. As discussed in the last paragraph, the lack of RSA evidence in 

the inferior parietal lobe might be due to the fact that a spherical ROI in the searchlight 

procedure was not sensitive in uncovering the representational structure for phonological 

retention, as compared a functionally defined ROI. 
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Figure 1.16.  Searchlight RSA results showing the timepoint-by-timepoint (TRs=6-8) similarity of the 
neural representation with the target theoretical matrix (i.e., phonological) during the delay period of 
the phonological STM task. (p<0.01, cluster size > 100 voxels) 
 

In the semantic STM task, during the encoding period (Figure 1.17A), the right anterior 

part of the middle frontal gyrus and the right hippocampus showed RSA evidence with the 

semantic model, indicating that these regions were involved in encoding semantic information. 

Some clusters in the right anterior temporal gyrus and bilateral frontal lobes showed RSA 

evidence with the phonological model, suggesting that these regions might be involved in 

accessing phonological representations in the semantic task. Compared to the encoding period, 

different regions were observed showing RSA evidence for semantic representations, including 

the left angular gyrus, the left middle frontal gyrus, the left precentral gyrus, the right fusiform 

gyrus, the right posterior cingulate cortex, etc. (Figure 1.17B) (See Table 5 for a complete list). A 
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few regions in bilateral frontal lobes showed RSA evidence with the phonological model during 

the delay period.   

When performing a timepoint-by-timepoint searchlight procedure across the delay 

period, the left angular gyrus consistently showed RSA evidence with the semantic model 

(Figure 1.18A-C), whereas some clusters in the left posterior middle/inferior temporal gyrus and 

a small cluster in the left anterior temporal gyrus showed RSA evidence in the early delay 

period (i.e., TRs=6, 7) (Figure 1.18A,B) and some clusters in the left middle frontal gyrus showed 

RSA evidence in the late delay period (i.e., TR=8) (Figure 1.18C). The searchlight RSA results in 

the left angular gyrus were consistent with the ones observed in the ROI-based analyses, 

showing that this region was involved in maintaining semantic information. However, the left 

angular gyrus also showed RSA evidence in the phonological task with the phonological model 

in the ROI-based analysis. One explanation of the neural-model similarity in this region is that it 

reflected a modality-independent process binding semantic features and phonological forms 

(DeLeon et al., 2007). Then, one would expect to observe RSA evidence for phonological 

retention in the semantic task as well. However, this was not the case (Figure 1.18D, and ROI 

results in Figure 1.14A). Thus, RSA evidence in this region showed a context- or task-specific 

property (See more discussion regarding the role of this region in the Discussion).  

The fact that different regions for encoding and maintaining semantic information were 

obtained was consistent with the prediction from a buffer account for semantic STM, although 

the evidence was mixed regarding whether they were regions previously implicated in semantic 

retention from univariate fMRI and patient studies (R. C. Martin, 2005). The left middle frontal 

gyrus observed in the searchlight RSA was consistent with the prediction from previous 
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neuroimaging studies on semantic STM suggesting that this region played a role in semantic 

retention (Hamilton et al., 2009; R. C. Martin et al., 2003). Previous studies also have suggested 

that the left posterior temporal gyrus and angular gyrus are involved in semantic processing 

(Binder et al., 2009; C. J. Price, 2012). However, the current searchlight results suggested that 

the left angular gyrus was involved in maintaining semantic representations of the words, but 

not involved during the encoding period per se. 

 

 

Figure 1.17.  Searchlight RSA results showing the similarity of the neural representation with the target 
theoretical matrix (i.e., semantic) during (A) the encoding and (B) the delay periods, and with the non-
target theoretical matrix (i.e., phonological) during (C) the encoding and (D) delay period of the 
semantic STM task. (p<0.05, cluster size > 100 voxels) 
 

Table 5.  Searchlight RSA results in the semantic STM task. 

Region Talairach Coordinates Peak t 
value 

Cluster size 
(voxel) x y z 

(The encoding period)      
Semantic task with semantic model      

Right hippocampus 15 -13 -12 4.33 330 
Right middle frontal gyrus 33 39 2 3.60 228 

      
Semantic task with phonological model      



 

 

- 52 - 

Left superior frontal gyrus -15 57 20 4.08 360 
Right orbital frontal gyrus 15 25 -12 3.78 345 
Right anterior temporal gyrus 55 7 -6 4.57 251 
Right middle frontal gyrus 37 45 14 3.88 134 
      

(The delay period)      
Semantic task with semantic model      

Right superior frontal gyrus 13 41 36 4.51 1349 
Left angular gyrus -41 -61 34 3.76 568 
Cerebellum -1 -75 -34 3.50 526 
Right fusiform gyrus 33 -29 -30 4.19 431 
Right posterior cingulate cortex 9 -53 34 3.85 321 
Left middle frontal gyrus -49 15 32 3.50 217 
Left precentral gyrus -27 -7 40 3.62 184 
Right olfactory cortex 9 11 -10 3.77 143 
      

Semantic task with phonological model      
Right orbital frontal gyrus 27 45 -2 5.47 1498 
Left superior frontal gyrus -23 57 20 3.06 153 
Right superior frontal gyrus 13 29 50 4.17 114 

 

 

Figure 1.18.  Searchlight RSA results showing the timepoint-by-timepoint (TRs=6-8) similarity of the 
neural representation with the target theoretical matrix (i.e., semantic) during the delay period of the 
semantic STM task. (p<0.05, cluster size > 100 voxels) 
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Taken together, the searchlight analyses indicated that clusters showing RSA evidence 

for the phonological representation during the delay period were different from those showing 

RSA evidence for the semantic representation. These results were again consistent with a 

buffer approach of verbal STM, in that additional or different regions were involved in 

maintaining the verbal information, compared to the encoding of these representations. 

However, these regions were sometimes in frontal and parietal regions previously hypothesized 

to support STM but some regions showing delay period decoding were in temporal regions not 

previously implicated in STM. 

 

 

1.4 Discussion 

In this experiment, using RSA, I tested the buffer vs. embedded processes accounts of 

verbal STM by assessing the similarity of neural activation patterns with their theoretical 

representations for phonological and semantic STM, respectively, and comparing the difference 

between two domains. Buffer accounts predict additional buffer region(s) beyond the 

processing area in each domain, and assume different buffer regions across domains, whereas 

the embedded processes accounts predict the same region for processing and retention. In the 

following, I begin by discussing the evidence for phonological STM, which provides clear 

support for a buffer account over an embedded processes account; then, I evaluate the 

evidence on semantic STM, and discuss the difference between the phonological and semantic 

domains. 

 



 

 

- 54 - 

1.4.1 Evidence for a buffer account of phonological STM 

As discussed in the introduction, in a prior study on phonological STM, Yue et al. (2018) 

found evidence supporting a buffer account in a short-term delayed recognition paradigm, In 

this study, a speech processing region in the left STG showed no sustained activity and little 

MVPA evidence (i.e., only with a maintenance classifier and a lack of relation to performance) 

during the delay period whereas a non-perceptual region in the left SMG showed sustained 

activity, a memory load effect, and consistent MVPA decoding (i.e., for both encoding and 

maintenance classifiers which correlated with performance), suggesting that this region served 

as a buffer involved in phonological retention. However, limitations of the MVPA approach 

precluded drawing strong claims regarding the structure of neural representation in either the 

perceptual region (i.e., STG) or the proposed buffer region (i.e., SMG). Using the regions 

uncovered in Yue et al. (2018), I directly tested, whether the similarity of neural activation 

patterns was consistent with that predicted by phonological similarity using the RSA approach 

in a phonological STM task. The speech processing area in the left STG showed RSA evidence for 

phonological coding during the encoding period, again confirming its involvement in speech 

perception. However, such decoding evidence was not observed during the delay period. The 

lack of evidence during the delay period suggests that the MVPA evidence from the 

maintenance classifier in the prior study (Yue et al., 2018) did not truly reflect maintenance of 

phonological representations 7. It should be noted that the prior study observed MVPA 

evidence in a high memory load condition (e.g., three nonwords). Thus the lack of RSA evidence 

                                                        
7 The lack of RSA evidence during the delay period in the left STG can also explain the lack of relation of MVPA 
evidence to behavior in prior study (Yue et al., 2018), because the neural activation patterns giving rise to MVPA 
decoding did not reflect the neural codes for phonological retention, thus, were nonessential to STM behavior.   
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in the STG could also be due to lack of memory load manipulation in the current study. In 

contrast, the proposed buffer region in the left SMG showed RSA evidence for phonological 

storage during the delay period, confirming its role in maintaining the phonological 

representations.  It is possible that the discrepancy in the left STG regarding the presence of 

MVPA evidence in prior study and absence of RSA evidence in the current experiment is due to 

the different types of stimuli and the nature of the tasks used in the two experiments. In the 

prior study, for each trial in the high memory load condition, we presented a list of unique 

nonwords to subjects. Thus, during the maintenance period, it is possible that subjects 

maintained those novel nonwords by rehearsing them internally which automatically activated 

the speech processing region. In the current study, I used words and repeated each word across 

many trials due to the RSA design. Given that only one familiar word had to be retained during 

the delay subjects may not have engaged in rehearsal to keep this item active. 

As compared to previous research, the current study has several advantages over 

previous findings in the literature in addressing the theoretical debate regarding the buffer vs. 

embedded processes accounts of STM. First, it used a multivariate approach which explicitly 

modeled the theoretical and neural representations (Naselaris & Kay, 2015). Many 

neuroimaging studies, typically in the visual domain, have employed MVPA to examine the 

neural substrate for visual STM. The classification-based MVPA approach focuses on multi-voxel 

activation patterns but limits analysis to the contrast between a few conditions (e.g., different 

categories or a few features within a category). Two seminal studies in 2009 using MVPA fMRI 

found that activation patterns of the orientation of two gratings in working memory could be 

distinguished from the visual sensory area, seemingly supporting the claim that the working 
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memory content was maintained in the visual processing region (Harrison & Tong, 2009; 

Serences et al., 2009). However, it is possible that the successful classification might not stem 

from the feature of interest, but others. For example, a recent study of visual perception 

showed that it was the edges of the grating stimuli (e.g., sine-wave grating stimuli with 

different inner radius edges, see Figures 3C and 3D in Carlson 2014 for examples) that underlay 

the classification of neural patterns (Carlson, 2014). This claim made it unclear whether the 

MVPA evidence observed in visual sensory area in previous studies on visual STM of different 

grating orientations really reflect the maintenance of orientation information. A more recent 

study using an explicit models of representation termed an encoding model (Sprague, Ester, & 

Serences, 2014; Sprague, Saproo, & Serences, 2015), showed that orientation of gratings could 

be decoded from not only the visual sensory area, but also the frontal and parietal regions 

(Ester et al., 2015). With regards to the buffer vs. embedded processes debate, both kinds of 

models would predict additional region(s) involved in working memory, in which buffer 

accounts would attribute these regions to the role of storage, whereas the embedded 

processes accounts would claim that these regions are involved in a process beyond storage 

(e.g., attention). Differing from MVPA, RSA employs a set of stimuli and makes use of variance 

across all stimulus pairs derived from similarity in a given domain (e.g., phonological similarity). 

It seems implausible that there is an item-specific neural format for an attentional process. 

Thus, the neural signal in the left SMG observed in the current study is more plausibly 

attributed to phonological storage, rather than to a domain-general process, such as attention.  

Second, RSA evidence during the delay period in the left SMG was phonologically-

specific. Based on the same set of words, the theoretical representations for phonology and 
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semantics were reconstructed separately. Multiple levels of representation (e.g., phonology, 

semantics, etc.) are well established for language processing (R. C. Martin, 2003; C. J. Price, 

2010; 2012), and a buffer model for verbal short-term memory (R. C. Martin et al., 1994; 1999) 

proposed different buffers for phonological and semantic short-term retention which were 

connected with the long-term knowledge for those types of information. This verbal STM model 

would predict a dedicated buffer region involved in maintaining phonological information, 

which is different from the buffer region for semantic. The RSA approach allows me to validate 

that the proposed phonological buffer in the left SMG was involved in phonological retention, 

but not the retention of other information (i.e., semantic). In line with this buffer model, the 

delay-period neural activation pattern was consistent with the phonological representation, but 

not the semantic representation. Taken together, the RSA results provide compelling evidence 

for a buffer account of STM, in which the left SMG maintains phonological information (See also 

the discussion for semantic STM in the next section). 

Beyond the left STG and the left SMG, I also conducted RSA in another two ROIs in the 

frontal lobe which were functionally defined in the prior study (Yue et al., 2018) (See Appendix 

E for RSA results in these two ROIs). In the prior study (Yue et al., 2018), these two ROIs showed 

sustained activity, memory load effects and MVPA evidence during the delay period, but with 

decoding evidence being unrelated to STM performance. Thus, instead of storage per se, the 

posterior part of the left IFG has been regarded as being involved in articulatory rehearsal and 

the left precentral gyrus has been assumed to play a role in motor planning 8. Results in the 

                                                        
8 In WM literature, rehearsal usually refers to a process or a mechanism that refreshes the contents of the 
phonological store to keep them active via inner speech articulation. As stated in the Introduction, in Baddeley’s 
WM model, the phonological loop consists of a phonological store and a rehearsal mechanism which keep the 
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current study showed that there was no RSA evidence for phonological storage during the delay 

period in these two ROIs, except at a late timepoint in the posterior part of the left IFG. 

However, when performing RSA based on the average activation pattern over the delay period, 

both ROIs showed RSA evidence for phonological storage (See also a discussion on neural 

mechanism of STM in General Discussion regarding the discrepancy between timepoint-by-

timepoint and the average signal approaches). There might be two explanations for this limited 

RSA evidence in the frontal lobe. First, the theoretical representation of phonology is intimately 

related to articulatory features (e.g., manner and place of voice, voiced or voiceless). Thus, it 

may be unsurprising to observe RSA evidence in this region, which might be due to an 

articulatory rehearsal process involved in phonological retention. The second, related 

explanation is that the RSA evidence might imply a role for an output phonological buffer, as 

predicted by the verbal STM model (R. C. Martin et al., 1999), which is differentiated from an 

input phonological buffer in the left SMG 9. Although the phonological task used in this 

experiment did not explicitly tap the output phonological buffer, the RSA evidence in the 

                                                                                                                                                                                   
phonological representations active in the store (Baddeley, 2012; Baddeley et al., 1984). Rehearsal has been 
suggested to recruit a different neural substrate from the phonological store but employs a similar frontal 
mechanism as is used for overt speech (Awh et al., 1996). Rehearsal is particularly important for keeping 
representations active for multiple items. In our prior study (Yue et al., 2018), these two frontal regions showed 
MVPA evidence in the high memory load condition, but not in the low load condition during the delay period of a 
recognition task. Although rehearsal may assist in maintaining phonological representations in the delayed 
recognition task, it was not necessary for successful recognition of the memory item, as indexed by the lack of 
relation of MVPA evidence to behavior in these two regions. Thus, the MVPA evidence observed in that study was 
argued to stem from different articulatory or motor codes for speech and nonspeech (e.g., rehearsing speech vs. 
humming chords).  
9 In Martin et al.’s verbal STM model (R. C. Martin et al., 1999), an input phonological buffer, which is connected to 
the input phonological processing, maintains phonological representations that have a close link to input acoustic 
features, whereas an output phonological buffer, which is connected to the output phonological processing, 
maintains phonological representations that have a close link to articulatory or motor forms. A recirculation 
between the input and output buffers constitutes rehearsal (Howard & Franklin, 1990; R. C. Martin, Blossom-Stach, 
Yaffee, & Wetzel, 1995). Thus, the output buffer may maintain articulatory codes as well. 
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frontal lobe may reflect a mechanism by which the brain maintains STM. The role of frontal 

regions in the verbal WM will be discussed further in the next paragraph. 

RSA evidence for phonological encoding and storage was also observed in a few 

anatomically defined ROIs beyond those ROIs determined functionally 10. A dorsal part 

(opercular, or BA44) of the left inferior frontal gyrus showed RSA evidence during the encoding 

period of the phonological STM task, whereas a ventral part (triangular, or BA45) of the left IFG 

and the left angular gyrus showed consistent RSA evidence for phonological storage over the 

delay period. The discussion here focuses on the results in the frontal lobe, while those from 

the angular gyrus will be discussed together with the results from the semantic STM task later. 

RSA evidence for phonological encoding in the dorsal part of IFG is consistent with previous 

literature showing that this region is involved in phonological processing. However, differing 

from the left superior temporal gyrus which represents phonological information per se (e.g., 

phoneme features), this frontal region is involved in articulatory recoding that provides a top-

down supplementary modulation on low-level phonological processing in the temporal lobe 

(e.g., using covert articulation to disambiguate distorted or unfamiliar speech sounds) (Davis & 

Johnsrude, 2003; C. J. Price, 2012; Zekveld, Heslenfeld, Festen, & Schoonhoven, 2006), or 

together with the precentral gyrus constitute a sensory-motor network that plays a role in 

speech perception via the simulation of articulation which is used to produce the corresponding 

                                                        
10 These two anatomical frontal ROIs are different from the one determined functionally as discussed in the last 
paragraph in terms of both location and cluster size. The functionally defined posterior IFG is a small cluster which 
is close to the one in the precentral gyrus. Actually, in the previous study (Yue et al., 2018), this small frontal 
cluster and the one in the precentral gyrus constitute a large cluster. Motivated by previous literature, this large 
cluster was divided into two regions, to uncover their potentially different functions in WM. However, these two 
functionally defined regions showed similar neural profiles in both prior study (Yue et al., 2018) and the present 
study (Appendix E). Two anatomical frontal ROIs are anterior to the functionally defined IFG region and cover large 
areas in the opercular and triangular IFG, respectively.    
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speech (Evans & Davis, 2015; Hickok & Poeppel, 2007; Hickok, Houde, & Rong, 2011; Vigneau et 

al., 2006). For example, in a recent study, Du et al. (2014) found that the speech motor system 

(including the left premotor cortex and Broca’s area) showed greater phoneme categorization 

(e.g., identifying ba vs. da), as compared to the temporal regions, when speech stimuli were 

presented in a moderate noise condition, suggesting a role of frontal regions in compensating 

for the degraded bottom-up speech representations in a top-down fashion. However, the RSA 

evidence for phonological encoding in the dorsal IFG was not observed during the delay period. 

RSA evidence for phonological retention in the ventral part of IFG was also consistent with prior 

studies which reported activity in this region in several phonological tasks that required high 

demands on phonological working memory, such as maintaining a list of letters or numbers 

during a delay (Bunge, Ochsner, Desmond, Glover, & Gabrieli, 2001; J. D. Cohen et al., 1997a; 

Jonides, Smith, Marshuetz, Koeppe, & Reuter-Lorenz, 1998; Rypma, Prabhakaran, Desmond, 

Glover, & Gabrieli, 1999). This ventral frontal region has been assumed to support a rehearsal 

process in phonological working memory which is different from short-term storage in the SMG. 

RSA evidence observed in the current study indicates that the involvement of this region in 

phonological working memory can not only be attributed to the high demand in articulatory 

rehearsal for multiple items but also reflects maintenance of phonological content (e.g., 

articulatory codes), or contextual information (e.g., the serial order for multiple items) 11, 

implying an output phonological buffer (R. C. Martin et al., 1999). In addition, this dorsal-ventral 

distinction between phonological encoding and retention in the frontal region again supports a 

                                                        
11 Rehearsal has been assumed to be important for maintaining multiple items (e.g., a list of numbers). To 
successfully recall or repeat multiple items in a serial recall or list repetition task, it is necessary to maintain serial 
order information before uttering the speech out. Thus, the output phonological buffer may also maintain the 
temporal-context codes.  
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buffer account of phonological STM (R. C. Martin et al., 1999; R. C. Martin & Breedin, 1992). 

Considering the anatomical connection between the inferior parietal lobe and the inferior 

frontal lobe (Catani, Jones, & ffytche, 2005; Parlatini et al., 2017), it is possible that a 

recirculation between the input buffer region in the inferior parietal lobe and the output buffer 

region in the inferior frontal lobe constitute rehearsal, in which phonological STM 

representations are maintained in different buffers, favoring different task demands or future 

goals (e.g., a matching task drawing on input STM codes vs. a recall task tapping on output STM 

codes).  

The involvement of frontal regions in phonological STM may lead someone to argue that 

the results in the present study support a sensory-motor integration model for verbal WM 

(Buchsbaum et al., 2011; Hickok, Buchsbaum, Humphries, & Muftuler, 2003). This account, 

which is based on a similar idea as the sensory recruitment account of WM (Buchsbaum & 

D'Esposito, 2008; Postle, 2006), claims that a network consisting of the speech processing area 

and motor system supports verbal WM (Hickok et al., 2003), without specifying a dedicated 

buffer (Buchsbaum et al., 2011). This sensory-motor circuit account predicts that both a speech 

processing region in the temporal lobe, in particular, the posterior-most portion of the left 

planum temporale which they termed Spt, and motor system in the frontal lobe would show 

activity for phonological STM, with the Spt being argued to be a sensory-motor interface 

(Hickok et al., 2003; Hickok, Okada, & Serences, 2009). Evidence supporting this claim comes 

from studies by Hickok and colleagues which found that the Spt and frontal regions (e.g., motor 

area and IFG) showed activity during both the encoding and the delay periods (Buchsbaum et 

al., 2011; Hickok et al., 2003). However, a close scrutiny shows that the results of current study 
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do not accord with this claim. First, the Spt, which is different from the SMG, showed no RSA 

evidence for phonological retention during the delay period of the phonological task in the 

present study, although it showed marginally significant RSA evidence for phonological 

encoding (See Appendix K for RSA results in this planum temporale region with the present 

data). This pattern suggests that this planum temporale region is associated with auditory 

speech processing consistent with a recent literature review (C. J. Price, 2012). Second, both in 

the inferior parietal and in the inferior frontal lobe, there are anatomical dissociations between 

the region for encoding and the region for retention (e.g., Figure 1.12, STG vs. SMG; and in 

Figure 1.14, opercular vs. triangular IFG), suggesting that non-perceptual regions are involved in 

phonological retention. So, instead of supporting a sensory-motor network account for verbal 

STM, the RSA evidence in the frontal regions in phonological STM implicates an output 

phonological buffer in which the articulatory codes are stored, and that a recirculation between 

the input buffer region in the inferior parietal and the output buffer region in the inferior 

frontal regions makes up rehearsal.  

 

1.4.2 Evidence for a buffer account of semantic STM 

I also evaluated the embedded-processes vs. buffer debate in terms of semantic STM. 

The buffer model of verbal STM predicts dedicated buffer region(s) that differ from the 

phonological buffer region for maintaining semantic information, and semantic buffer(s) are 

also different from the region(s) involved in semantic processing. Prior neuroimaging studies 

employing semantic STM tasks that required maintaining the meanings of a list of verbal stimuli 

have found a few regions in the left middle and/or inferior frontal lobe showing greater activity 
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for the high-demand condition on semantic retention as compared to the low-demand 

condition (Hamilton et al., 2009; R. C. Martin et al., 2003) 12. However, a spherical ROI 

encompassing those regions did not show RSA evidence for semantic retention during the delay 

period of the semantic STM task in the current study. As discussed in the Results, this 

discrepancy might be due to the different nature of the tasks used in the current study and 

previous studies. In Martin et al.’s (2003) and Hamilton et al.’s (2009) studies, they included 

conditions which required more explicit and higher demands of semantic retention (e.g., 

maintaining meanings for 4 words versus 1 word), whereas the current study only included a 

one-word condition and subjects might not have explicitly processed the meaning of the 

memory word during the encoding period. Another explanation is that the neural organization 

in this prefrontal lobe is complex; thus, a large spherical ROI (e.g., a radius of 12mm, about 900 

voxels in the ROI) includes some uninformative voxels (e.g., a mixture of voxels from gray 

matter and white matter), making it not appropriate to represent cortical geometry of neural 

substrate for semantic STM 13. Results from searchlight analyses on semantic STM uncovered a 

region in the left middle frontal gyrus showing RSA evidence for semantic retention during the 

delay period of the semantic STM task (Figure 1.17B). This region (Talairach: x=-49, y=15, z=32) 

was close to the spherical frontal ROI defined functionally (Talairach: x=-39, y=18, z=26). The 

                                                        
12 Another study that involved remembering the meaning of a word in a delayed synonym judgment task tried to 
dissociate the neural substrate for semantic vs. phonological STM (Shivde & Thompson-Schill, 2004). However, in 
Shivde & Thompson-Schill’s study, they analyzed the data within several anatomical ROIs (including the left IFG). So, 
I did not include this study when I constructed the functional ROIs based on coordinates for semantic STM.  
13 One would argue that making a large spherical ROI by encompassing small regions implicated in previous studies 
may cloud the neural locus for semantic STM. So, I also created four small ROIs (with radii of 8mm, about 260 
voxels in each ROI) based on coordinates and performed RSA in these ROIs (See Appendix H). Similar patterns have 
been observed for these four small ROIs as compared to the result in the large ROI reported in the main text. 
However, the representation geometry issue remains because creating spherical ROIs does not take the 
organization of cortical representation into consideration.  
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mixed RSA evidence (See also Footnote 13, and refer to Appendix H) in this frontal region 

suggests that this region might be a heterogeneous buffer locus for verbal STM which is capable 

of maintaining multiple neural codes for verbal STM representations via either different 

patches distributed in this region. Different representational patches might reflect a 

reconfiguration mechanism by which this prefrontal region adaptively focuses on a specific 

representation under a given task context (See a discussion in the Section 1.4.3 regarding the 

difference on neural representations between phonological and semantic STM). 

The buffer model predicts that the semantic encoding and retention would take place in 

different regions. Based on previous findings on semantic processing, several anatomically 

defined ROIs were selected, and neural-model correspondence for semantic encoding and 

retention was examined in these ROIs. No RSA evidence for semantic encoding was observed in 

these regions, except for marginally significant evidence in the left triangular IFG (Figure 1.14E). 

Prior studies suggest that the triangular IFG is usually involved in selecting or retrieving a 

concept among competing items in semantic tasks (Whitney, Jefferies, & Kircher, 2011; Zhuang, 

Randall, Stamatakis, Marslen-Wilson, & Tyler, 2011). So evidence in this region may reflect that 

subjects accessed a specific meaning from the spoken word during the encoding period, with 

the semantic code for this word being represented in this frontal region. However, this region 

did not show RSA evidence for semantic retention during the delay period. It should be noted 

that this evidence for semantic encoding does not conflict with the phonological retention 

evidence observed in this triangular IFG region. An explanation is that there are different sub-

regions in which an anterior and ventral part is involved in semantic encoding whereas a 
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posterior and dorsal part is involved in phonological retention. This ventral-to-dorsal distinction 

is consistent with findings from meta-analyses (C. J. Price, 2012; Vigneau et al., 2006).  

The lack of any strong evidence for semantic encoding from both the ROI and 

searchlight approaches might be due to the nature of the semantic STM task used in the 

current study. Although subjects were instructed to maintain the meanings of the memory 

words, it is possible that subjects just maintained the phonological forms during the early delay 

period of the semantic task, and accessed the meaning during the late delay period when 

anticipating the imminent presentation of the probe. This explanation is consistent with an 

observation in the left posterior MTG of RSA evidence for semantic representation during the 

late delay period, but this makes it unclear whether the RSA evidence in the posterior MTG 

reflects semantic retention or semantic processing.  

The most significant and consistent RSA evidence for semantic retention during the 

delay period of the semantic STM task was observed in the left angular gyrus. However, this 

region also showed RSA evidence for phonological retention during the delay period of the 

phonological STM task. The left AG is typically activated in different tasks involving semantic 

processing or language comprehension (C. J. Price, 2012; Vigneau et al., 2006), and it has been 

regarded as a node in the semantic network (Binder et al., 2009; Binder & Desai, 2011) where it 

plays a role in semantic retrieval and conceptual integration from different modality-specific 

inputs (e.g., auditory speech, visual word). The co-existence of RSA evidence for both 

phonological retention and semantic retention during the delay period in the corresponding 

STM task suggests that this region may serve as a flexible place which is capable of maintaining 

multiple verbal STM representations. If this is the case, the left AG would be able to maintain 
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other aspects of verbal STM, such as orthographic short-term memory (i.e., a capacity of 

maintaining letters and their order for written words) as well. Actually, this claim is consistent 

with a recent study which used the voxel-based lesion mapping approach with brain damaged 

patients and found that the orthographic short-term memory deficits were associated with 

lesions in the left parietal lobe (including the angular gyrus) (Rapp, Purcell, Hillis, Capasso, & 

Miceli, 2016). Then, one issue concerns the relation between the SMG and the AG. Do they play 

the same role in phonological STM? It would be interesting to test whether those patients with 

lesions in the inferior parietal lobe who showed impaired orthographic short-term memory 

show deficits in phonological or semantic short-term memory as well. A preliminary study with 

a small group of those patients found that the critical region for phonological STM deficits was 

in a ventral part of the SMG which is consistent with findings in Yue et al. (2018) and 

observations in the current experiment.  In contrast, the lesion giving rise to orthographic STM 

deficits lay in a posterior and superior parietal region (e.g., the AG) (Rapp, Purcell, & Martin, 

2017). Another explanation for multiple STM representations in the angular gyrus is that this 

region is a heterogeneous neural complex and has functionally distinctive sub-regions (Seghier, 

2013; Seghier et al., 2010). So different sub-regions of the AG may support different aspects of 

verbal STM, with the anterior part extending into the SMG for phonological STM, the posterior 

and superior part for orthographic STM and the posterior and inferior part for semantic STM. 

This view seems to accord with a claim which proposes that the superior region to the angular 

gyrus (i.e., the intraparietal sulcus) is a visual buffer for non-verbal materials (Bettencourt & Xu, 

2016; Todd & Marois, 2004; Xu, 2007; 2017; Xu & Chun, 2006). Moreover, RSA evidence for 

both phonological STM and semantic STM is modulated by the task context because RSA 
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evidence was absent for a given task with the control model, and task-relevance effect is 

consistent with a claim in the visual domain that the representation in the parietal cortex is 

goal-directed or behaviorally relevant (Jeong & Xu, 2016; Vaziri-Pashkam & Xu, 2017). Future 

work using either a functional localizer or a fine-grained anatomical parcellation (Glasser et al., 

2016) would be needed to uncover the heterogeneous representational structures in the 

parietal cortex.  

 

1.4.3 Different neural substrates for phonological and semantic STM 

Buffer models predict different regions involved in phonological and semantic STM, or 

alternatively, different neural codes in a given non-perceptual region supporting phonological 

and semantic STM. Results in some ROIs and evidence from the searchlight analyses indicate 

that different regions are involved in phonological retention and semantic retention, and those 

regions are different from the encoding areas for that information, although no significant 

semantic encoding area was observed. ROI analyses showed that the AG was involved in both 

phonological STM and semantic STM. However, as I discussed in the last section, this suggests 

that the AG maintains the different neural codes for phonological STM and semantic STM, and 

this difference is not attributed to an attentional process because the decoding was possible for 

either phonological or semantic information, or there are functionally-distinctive sub-regions in 

this inferior parietal lobe; Either way, it supports a buffer account for verbal STM.  

Searchlight RSA showed that the left middle frontal gyrus was also involved in both 

phonological and semantic retention during the delay period. To address whether there were 

distinct regions for the two types of codes, I carried out a preliminary conjunction analysis (See 
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Appendix I), which showed that there were different patches of RSA evidence for phonological 

and semantic retention in this area, with a small overlapping cluster for two domains.  It is 

possible that this frontal region is capable of maintaining both phonological and semantic STM 

representations.  

Another explanation regarding the co-existence of RSA evidence in the left angular gyrus 

and the left middle frontal gyrus is that it reflects some reconfiguration mechanism which 

modulates the representations based on task demands. If many inputs from different 

modalities are integrated in an association cortex (e.g., the left angular gyrus and the left 

middle frontal gyrus), such association cortex should be capable of adapting its neural 

representation to focus on a specific type of information.  

  



 

 

- 69 - 

Experiment 2.  Assessing distractor interference effects on phonological short-term memory 

 

2.1 Background 

One important role of the short-term memory buffer is to maintain information online 

in an accessible format in order to guide an upcoming behavioral response.  Thus an important 

property of the buffer is to prevent the memory representation from being degraded by 

interference from task-irrelevant information.   

In the verbal domain, early behavioral studies using the Brown-Peterson task paradigm 

found that task-irrelevant information (e.g., tones, environmental sounds, speech) typically 

disrupted verbal short-term memory performance (Brown, 1958; L. Peterson & Peterson, 1959). 

In this paradigm, a list of items (e.g., letters) is presented to subjects to be remembered, 

followed by a short delay period which is filled with some distracting activity (e.g., reading 

aloud numbers during the delay). Then the memory list items are recalled.  The Brown-Peterson 

task has been used to explore the effects of the interpolated task on recall (Crowder, 1976).  

For example, researchers have found that a difficult interpolated task (e.g., judging if the sum of 

a pair of digits is odd or even) interfered more with memory performance than did an easy task 

(e.g., simply reading a pair of digits) (Crowder, 1967; Dillon & Reid, 1969; Posner & Rossman, 

1965). Interference from the interpolated tasks has typically been explained as resulting from 

subjects’ attention being diverted from rehearsal of the memory stimuli, thus reducing recall of 

the target items or due to overwriting of the memory items by the list items (Nairne, 1990).  

There are also effects of similarity of interpolated materials (Corman & Wickens, 1968; 

Landauer, 1974; Wickelgren, 1965).  For instance, Wickelgren (1965) investigated how the 
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number of phonologically similar interfering items affected STM performance. The result 

showed that memory performance changed as a function of how many similar letters were in 

the interfering letter list; as the number of similar interfering letters increased, memory 

performance decreased. This similarity effect indicates that the phonological similarity between 

the interpolated material and the memory stimuli also affects STM performance, suggesting 

that the content of interpolated materials can interfere with the memory representations. 

However, since in these behavioral studies subjects were required to do a secondary task with 

the interpolated materials, it is hard to attribute the interference solely to the presence of the 

interpolated materials per se.  The time and effort expended on the secondary task also affects 

performance on the main task (Barrouillet, Bernardin, & Camos, 2004). In addition, these 

behavioral studies do not provide evidence regarding the neural locus of any interference effect 

- for example, in sensory regions vs. in higher level memory regions.  

A multivariate neuroimaging approach assessing the cortical response to distractors was 

used in a recent neuroimaging study in the visual domain (Bettencourt & Xu, 2016). Although 

some studies have found MVPA decoding evidence in both posterior sensory and parietal 

and/or frontal regions for visual STM information (Christophel et al., 2017; Lee & Baker, 2016), 

it is unclear whether fronto-parietal or perceptual regions play a privileged role in maintaining 

STM representations (Ester, Rademaker, & Sprague, 2016). Bettencourt and Xu (2016) found 

that while visual STM information could be decoded in both visual-sensory cortex and parietal 

cortex (e.g., superior IPS) during a delay period when no distracting stimuli were presented 

during the delay, such decoding was only possible in the parietal lobe and not sensory cortex 

when distraction was present. These authors suggest that since sensory regions need to be 
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available to process other incoming stimuli, storage in the parietal lobe is needed to maintain a 

representation during distraction. In addition, in-scanner behavioral performance was not 

affected by the presence of distractors. They also found that higher decoding accuracy during 

the delay period in the parietal lobe predicted faster behavioral performance in a delayed 

change detection task performed outside the scanner. This study suggest a central role for the 

parietal cortex in retaining visual STM representations, consistent with previous univariate fMRI 

studies (Todd & Marois, 2004; Xu & Chun, 2006). Thus, these findings are more consistent with 

a buffer model, with the visual buffer located in the parietal cortex. Similarly, in another recent 

study using an explicit representation modelling method (i.e., inverted encoding approach) 

assessed the distractor interference effects on visual STM representation (Lorenc et al., 2018). 

Because this approach also linked the neural representation with the content of visual STM, 

unlike the MVPA approach used in Bettencourt & Xu (2016), it would provide direct evidence 

on the distractor effect on visual STM representation per se. In a delayed-estimation task for 

grating with different orientations, researchers tried to examine whether the presence of 

distractors (e.g., a grating with a different orientation from the memory item) bias the memory 

representation. They found that orientation information was maintained in both visual sensory 

region and intraparietal sulcus when there were no distractors. However, when a distractor 

with a different orientation was presented during the delay period, visual STM orientations 

reconstructed from the visual sensory region were significantly biased by distractors, whereas 

representations in the parietal region did not show such a bias. Again, this study provides 

evidence suggesting that the parietal region (i.e., IPS) play a more important role in maintaining 

the content of visual STM in the presence of distracting stimuli.  
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In the verbal domain, previous neuroimaging studies taking a univariate approach have 

assessed the modulation of task-irrelevant information on verbal working memory processes 

(Chein & Fiez, 2010; Gruber, 2001; Gruber & Cramon, 2001; 2003). For example, in an fMRI 

study, Gruber and colleagues (2003) tried to differentiate the neural substrates associated with 

different components of working memory (e.g., rehearsal vs. non-articulatory maintenance of 

phonological information in the verbal domain), by investigating how irrelevant tasks (e.g., 

articulatory suppression in the verbal domain) interfered with working memory processes in 

different domains (e.g., verbal or visuospatial working memory). In the verbal domain, they 

replicated many prior behavioral results (Baddeley, Thomson, & Buchanan, 1975; Baddeley et 

al., 1984) in showing that articulatory suppression during the delay period significantly 

increased error rates and response time on a verbal working memory task (i.e., letter 

recognition). The main imaging results indicated that articulatory suppression in the delay 

period had an effect on the brain regions associated with the rehearsal component of verbal 

working memory (e.g., the left precentral gyrus), whereas articulation did not affect the 

activation of a set of fronto-parietal regions, including the left inferior parietal lobule, which 

have been assumed to be involved in the non-articulatory maintenance of phonological 

information, that is phonological storage of verbal working memory. The evidence from this 

study seems to support the buffer model, with the phonological store located in the inferior 

parietal lobe. Articulatory suppression is typically regarded as an internal distractor. However, 

this study did not address whether putative buffer storage areas are sensitive to external 

distractors.  
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In a recent fMRI study, Chein & Fiez (2010) have explored how a variety of theoretical 

working memory models, including Baddeley’s multiple component model (Baddeley, 2001) 

and Cowan’s embedded processes model (Cowan, 2001), account for irrelevant information 

effects which were induced by different kinds of sounds, including internal speech (articulatory 

suppression), irrelevant speech (random digits), and irrelevant nonspeech (noise bursts). In this 

study, the irrelevant background sounds and verbal working memory materials (e.g., visual 

letters) were presented simultaneously from the onset of the encoding stage of the verbal 

working memory task, and irrelevant sounds lasted until the end of the delay period. At recall, a 

probe item was presented, and subjects recalled the subsequent item in the list. They found 

that performing the working memory task without irrelevant sounds activated a set of frontal 

motor areas, but no parietal regions. The absence of activation in the parietal lobe is probably 

due to the use of visually presented verbal stimuli (Ravizza, Hazeltine, Ruiz, & Zhu, 2011); that is, 

subjects might not use phonological STM to maintain the verbal list. Internal speech and 

irrelevant sounds had dissociated effects on working memory.  Compared to the condition 

without irrelevant sounds, irrelevant speech and nonspeech sounds tended to reduce activity in 

these frontal regions during the delay period, with no difference between speech and 

nonspeech distractors.  In contrast, articulatory suppression increased the activity in these 

regions during the encoding period, including a region in the left precentral gyrus in which 

Gruber et al. (2003) observed that articulation decreased the activity relative to the condition 

without articulation. Note that the increased activity by articulation was observed mainly 

during the encoding stage in Chein & Fiez (2010) study. Chein and Fiez (2010) explained that the 

increased activity in the articulatory suppression condition reflected the additional motor 
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processing for articulation, and the decreased activity in speech and nonspeech distractor 

conditions was due to the fact that decreased attention to task-relevant stimuli due to the 

irrelevant sounds.  Based on this pattern, the authors argued that their observations were more 

consistent with the embedded processes account. However, results shown in this study are 

insufficient to differentiate these two models. First, since both models claim an articulatory 

process, the dissociation between articulatory suppression and irrelevant speech effect could 

be explained by both models, with different explanations. The buffer model attributes the 

irrelevant speech effect to the occupation of STM by irrelevant speech, whereas the embedded 

processes model attributes that to disrupted attentional processes. Second, it is hard to 

attribute the decreased activity in the frontal regions to only attentional processes. It might 

reflect a general interference effect by external distractors on executive control processes, 

consistent with the inclusion of the central executive in Baddeley’s model.  It also might affect 

decreased accuracy of phonological representations derived from the visual stimuli, or a greater 

reliance on orthographic retention in the presence of irrelevant sounds. Without assessing the 

distractors’ influence on the representations of STM content per se on frontal regions, it is 

difficult to evaluate these two kinds of models.  

In evaluating the buffer storage vs. embedded processes accounts of STM, it is 

important to evaluate the influence of the distracting information on both behavioral and 

neural responses. In this experiment, I used a distractor paradigm analogous to that of 

Bettencourt & Xu (2016) with distractors presented during the delay period, combined with the 

representational similarity analysis approach, to assess the resistance of STM neural 

representation to the distracting information. I manipulated whether there were distractors 
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during the delay period or not. I employed a delayed recognition task, which allowed me to 

evaluate the distractor effects on behavioral performance. I also used nonwords as materials to 

avoid an influence from semantics. Using nonwords would allow me to replicate the findings in 

our prior study, such as the neural evidence for phonological STM during the delay period in the 

speech processing region, and test whether such evidence was affected by distracting 

information. The brain region serving as a neural substrate for a STM buffer would retain the 

memory representations even if there were external distractors, whereas the activity pattern in 

perceptual regions (if any) would be affected by the input of distractors during maintenance. 

Analyzing the distractor interference effects on the neural representation for phonological STM 

would allow me to determine which brain regions play a central role in phonological STM.  

Specifically, based on prior fMRI data (Yue et al., 2018) and the results from Experiment 

1, I tested whether the presence of distractors during the delay period would affect the neural 

evidence for phonological storage in both speech processing regions and the proposed 

phonological buffer region(s). In Yue et al. (2018) we found MVPA evidence during the delay 

period for maintenance of nonwords in a speech processing region (the left STG) whereas in 

Experiment 1 we did not observe RSA evidence for phonological storage for words in this STG 

region. The discrepancy might be due to the different materials and different nature of the 

tasks used in two experiments. The present experiment provided another test of RSA 

phonological decoding in this STG region during the delay. According to the embedded 

processes account, if the MVPA evidence observed in the speech processing region truly 

reflected phonological storage, RSA evidence should be observed during the delay period in this 

region. In addition, to achieve successful recognition performance, the presence of distractors 
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during the delay period should have no effect on the neural representation in the left STG if this 

region was the sole neural substrate for phonological STM. In contrast, according to the buffer 

storage account of phonological STM, the presence of speech distractors would disrupt neural 

representations during the delay in the speech processing region (if any), but not in the 

putative buffer regions (e.g., the left SMG). If STM representations persist in the SMG that are 

unaffected by the distractor, behavioral performance may remain at the same level as well with 

and without distractors. 

 

2.2 Methods 

2.2.1 Participants 

Ten subjects (18-22 years old, mean: 19.7 years old, 6 females) recruited from Rice 

University participated in this experiment. All subjects were native speakers, and reported no 

hearing, neurological, or psychiatric disorder. Subjects signed consent forms according to 

procedures approved by the Rice University Institutional Review Board to participate and 

received monetary compensation or credit toward course requirements for their participation. 

 

2.2.2 Tasks and Materials 

A set of 16 one-syllable nonwords were used as the target memory items in this fMRI 

experiment 14. The same set of nonwords were used in the no-distractor condition and 

distractor condition, and this allowed me to assess the effect of distractors on the phonological 

STM representations of the target nonwords. The 16 nonwords were created by a female native 

                                                        
14 The same issue (as in Experiment 1) concerning repetition suppression may be raised here due to the use of 
repeated presentation of each unique nonword. See Footnote 1 for a discussion on this issue. 
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speaker using an online text-to-speech software (http://www.fromtexttospeech.com) and 

recorded at a sampling rate of 22.05Hz. All the nonwords were matched for the average sound 

amplitude by using software Praat (http://www.fon.hum.uva.nl/praat/). The average duration 

of 16 nonwords was 650ms.  

 

 

Figure 2.1.  The delayed recognition task with or without distractors in Experiment 2. In the no-
distractor condition, the delay period was silent with a fixation cross; In the distractor condition, the 
delay period was filled with six nonword distractors, presenting at a rate of 1.5 s per each.  
 

A delayed recognition task, which differed from the delayed phonological judgment task 

used in Experiment 1, was used in the fMRI Experiment 2.  Since I evaluated the influence of 

distractors on short-term memory performance, a more challenging task such as delayed 

recognition with phonologically similar probes was used to increase the difficulty of the task. A 

list of distracting nonwords were presented during the delay period. There were two conditions. 

In the no-distractor condition, subjects were presented with a target memory nonword, and 

were instructed to maintain this nonword during a 9-second silent delay period with a cross 

fixation being presented in the center of the gray-background screen. Then a probe nonword 

was played, and subjects judged whether the probe nonword matched the memory nonword 
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by pressing the left button if the probe matched the memory nonwords or press the right one if 

not.  In the distractor condition, the trial procedure was same as that for the no-distractor 

condition, except that during the 9-second delay period a set of 6 distracting nonwords were 

presented. Subjects were still instructed to remember the target memory nonwords under the 

presence of distracting nonwords. Thus, subjects just passively listened to the distracting 

nonwords without any explicit task.  

For both no-distractor condition and distractor condition, half of the probes were 

matching trials and half non-matching. The non-matching probes differed in a single feature of 

a phoneme from the target memory items (e.g., sirb vs. sirp). For each trial, the distractor 

nonwords had no overlapping phonemes with the target memory nonword. 

To reduce the potential confusion made by distracting stimuli and the memory items, 

the distracting nonwords were produced by a male speaker using the same software as for the 

memory nonwords. Previous studies have shown that speaker identities and phonemes are 

separately and independently represented in the human cortex (Bonte, Hausfeld, Scharke, 

Valente, & Formisano, 2014; Formisano, De Martino, Bonte, & Goebel, 2008), thus speaker 

identity information should not confound the ability to detect phonological representations (if 

any) of the memory nonwords which were of interest in this experiment.  

 

2.2.3 fMRI procedure and data acquisition 

In the fMRI experiment, the task was administered to subjects via E-prime 2.0 software 

(Psychology Software Tools, https://pstnet.com/). The auditory nonwords were played 

binaurally via MRI-compatible earphones, and the foam canal tips were used to reduce 
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scanning noise. Before the formal functional scanning, a short scanning session including 10 

speech perception trials (i.e., discriminating a pair of nonwords which differ a minimum 

distinguishable feature, “ba”-”pa”) was administered to each subject to ensure that subjects 

could clearly hear the nonwords and were aware of variation of phonetic features against the 

scanning noise. The volume of earphone was adjusted to a comfortable level for each subject. 

In the functional scan, each trial began with a white fixation cross turning to blue, which 

was presented for 500 ms in the center of a grey background screen. When the fixation cross 

disappeared, a spoken nonword was played to the subjects with a maximum duration of 1.5 

second, followed by a 9-second delay period. For the distractor condition, 6 distractors were 

played at a rate of 1.5 second per each nonword during the delay period. Then a probe was 

played to subjects. in each functional scan, all unique 16 nonwords (either no-distractor 

condition or distractor condition) were played to subjects randomly with the inter-trial interval 

jittered at 4.5s, 6s and 7.5s. The average duration for each trial (stimuli presentation and post-

trial interval) was 18 seconds. There were 9-second resting periods at the beginning of each 

scan, to allow equilibrium of the magnetic field, and at the end, to accommodate the 

hemodynamic delay of the last trial. The total duration for each functional scan was 306 s (5 

min 6 s).  

Each functional run contained only one condition trials (either no-distractor condition or 

distractor condition). There were 6 no-distractor runs and 6 distractor runs, with two types of 

runs being presented alternatively, and the order of two types of runs was counterbalanced 

across all subjects. An anatomical scan was also administered to subjects at the beginning of all 

functional runs. 
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The fMRI experiment was performed at the Core for Advance Magnetic Resonance 

Imaging (CAMRI) at the Baylor College of Medicine. Images were obtained on a 3-Tesla Siemens 

Magnetom Tim Trio scanner (Prisma) equipped with a 64-channel head coil. Foam pads were 

used to keep subjects’ heads stabilized during the scanning. Functional and anatomical images 

were acquired by using the same scanning parameters as used in Experiment 1.  

 

2.2.4 Data analyses and predictions 

Preprocessing 

fMRI data preprocessing, general linear modelling and univariate analysis were 

performed using AFNI software (version: AFNI_18.0.00) (Cox, 1996). Preprocessing steps were 

same as the those in Experiment 1, including: de-spiking of large fluctuation for some time 

points, slice timing and head motion correction. The functional images were aligned to that 

individual’s anatomical image. The images were left in the native space for RSA approach, in 

order to preserve the spatial information across neighboring voxels. Spatial smoothing (a 4-mm 

full width half-maximum Gaussian kernel) was applied to the functional data only for the 

univariate analysis. A whole brain mask was generated and applied to the functional data, and 

voxel-wise signal scaling was calculated for each run. The resolution of functional data was kept 

unchanged as in the native space which was 2 × 2 × 2 mm3. For voxel-wise group level testing, 

each subject’s data were warped to the Talairach standard space (Talairach & Tournoux, 1988) 

and registered to the TT_N27 template in AFNI. 

 

General linear model   
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A general linear model was applied to the preprocessed time series to estimate the 

regression coefficients (i.e., beta values) for the no-distractor condition and distractor condition 

respectively. For the RSA approach, a regressor was modeled for each individual nonword, with 

six repetitions across six runs for that nonword. Thus, sixteen regressors of interest for sixteen 

nonwords were included in the regression model. The activation patterns for sixteen nonwords 

would be used to estimate the neural representation dissimilarity matrix for the following 

representational similarity analyses. For the univariate approach, a single regressor was 

modeled across all nonwords and all runs. A multiple parameters shape-free hemodynamic 

response function model (i.e., “TENT” function in AFNI) was used for each regressor to estimate 

the amplitude of signal change at each time point across the whole period for the STM trial (i.e., 

from the onset to 21s later). Besides the experimental regressors, some nuisance regressors, 

including third-order polynomial baseline trends, six head motion correction parameters, and 

six derivatives of head motion, were also modeled. To reduce the influence of potential outliers, 

censoring was applied in the general linear model to the time points in which head motion 

exceeded a distance of 0.3 mm with respect to the preceding time point or in which more than 

10% of whole brain voxels were regarded as outliers by AFNI 3dToutcount.  

 

Univariate activation analysis   

For the univariate approach, the average amplitude of responses at the third and the 

fourth TRs (4.5s and 6s) after the onset of memory word were used as the signal change for the 

encoding period, and the average amplitude of responses across the sixth and the seventh TRs 

(time points 9s, 10.5s) after the onset of memory word was calculated as the signal change for 
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the maintenance period. Paired t-tests were performed on the signal changes to compare 

between the distractor and no-distractor conditions, as well as the single condition versus 

fixation baseline, during the encoding and the maintenance periods respectively. Multiple 

comparisons correction was conducted to estimate the cluster size threshold based on a voxel-

wise p value of 0.001 and then corrected at the cluster-wise α value of 0.05. This simulation 

approach has been shown to effectively control the false positive rate under 5% (Cox et al., 

2017). 

 

Representation dissimilarity matrix 

The phonological representation dissimilarity matrix (RDM) was constructed using the 

same theoretical approach used in Experiment 1 (Phonological CorpusTools) (Mackie et al., 

2014). Specifically, pronunciations of sixteen nonwords were obtained from the CMU 

Pronouncing Dictionary (Weide, 1994) (http://www.speech.cs.cmu.edu/cgi-bin/cmudict) and 

phonological transcriptions were coded with a set of phoneme symbols (ARPAbet) (Shoup, 

1980). For each pair of nonwords, phonological transcriptions were first aligned as to minimize 

the number of different phonemes between two strings. Since all phoneme segments were 

mapped into a phonetic feature space (Hayes, 2008), the distance between two phoneme 

segments was equal to the distance between their phoneme feature values (Allen & Becker, 

2015) - that is, the distance between two identical feature values is 0, while the distance of two 

opposite values (e.g., voiced/unvoiced) is 1, and the distance between two feature values in 

case one of them is unspecified is set to 0.25. Then, the phonological distance between two 

words was calculated by adding up distances between all phoneme segment pairs.  
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ROI-based representational similarity analysis 

Four regions of interest were chosen from a recent study on testing the buffer versus 

the embedded processes accounts of phonological STM (Yue et al., 2018): one region was in the 

left superior temporal gyrus (STG) which was involved in speech processing; another three were 

in the left supramarginal gyrus (SMG), the opercular part of the left inferior frontal gyrus 

(IFG.oper), and the left precentral gyrus (PreCG). The left SMG has been regarded as a 

phonological buffer because converging evidence from neuroimaging studies (Paulesu et al., 

1993; Salmon et al., 1996; Yue et al., 2018) and patient studies (R. C. Martin, 2005; Paulesu et 

al., 2017; Yue et al., 2016) suggested that the phonological STM was maintained in this region. 

The left IFG.oper and the left PreCG also showed sustained activity, load effects, and MVPA 

phonological decoding evidence during the delay period. Evidence in these two regions might 

reflect other processes involved in maintaining nonwords such as articulation or rehearsal, 

instead of short-term storage per se. However, because nonwords were used in the current 

study, it would be interesting to include these two regions to test if subjects also relied more on 

rehearsal to maintain the phonological representation for nonwords than for the words used in 

Experiment 1.  Because the representation dissimilarity matrix was created partially based on 

articulatory features (e.g., voiced/unvoiced, or place and manner of voicing), RSA evidence 

would be observed in these ROIs if they were involved in maintaining articulatory codes.  

According to the embedded processes accounts, speech processing regions maintain 

phonological representations during the delay period thus, RSA evidence would be observed in 

this perceptual region. When distractors are presented during the delay period, if the speech 
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processing area is the only neural substrate for STM, then the left STG would still maintain the 

phonological STM in the presence of distractors. In contrast, the buffer account predicts that 

regions beyond the speech processing region would show RSA evidence during the delay period. 

More importantly, the buffer region, such as the left supramarginal gyrus, would maintain the 

phonological representation even in the presence of distractors.  

ROI-based RSA was performed by using CoSMoMVPA toolbox (Oosterhof et al., 2016) 

and custom scripts in Matlab (R2018a, The MathWorks, Inc.) in the same way as in Experiment 

1, except that RSA procedures were conducted for the no-distractor condition and distractor 

condition respectively. Besides testing the average similarity index against zero for a single 

condition, paired-sample t-tests were performed to determine if the difference between the 

no-distractor condition and the distractor condition (i.e., the distractor effect) was greater than 

zero. 

 

Predictions 

I predicted that the presence of distractors during the delay period would not disrupt 

behavioral recognition performance, because passively listening to distractors is not assumed 

to wipe out the neural representation underlying STM. Before the imaging experiment, 

behavioral pilot testing on an independent set of eleven subjects was conducted outside the 

fMRI scanner, and results confirmed our predictions that the distractors had no effect on 

behavioral performance (Accuracy, no-distractor condition: 94% vs. distractor condition: 93%, 

p=0.8).  
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As for the imaging data, in the no-distractor condition, I predicted that the speech 

processing region in the left STG and the proposed buffer region in the left SMG would show 

RSA evidence for phonological coding during the delay period. Two other regions in the left 

IFG.oper and PreCG might show RSA evidence as well. However, in the distractor condition, I 

predicted that the presence of distractors would wipe out the STM representation in the left 

STG (if any), but not in the left SMG.  

 

2.3 Results 

2.3.1 Behavioral results in the scanner 

As shown in Figure 2.2, distractors presented during the delay period did not decrease 

the recognition of the target nonword (Accuracy: 92.15% for no-distractor condition, 94.1% for 

distractor condition). In fact, the presence of distractors marginally improved STM performance 

as compared to the no-distractor condition (paired t-test: t(9) = 2.21 , p = 0.054).  Distractors had 

no effect on response times (1576 ms for no-distractor condition; 1587 ms for distractor 

condition, paired t-test: t(9) = 0.49 , p = 0.63). According to Nairne’s feature model of STM, a 

memory trace is susceptible to interference by an external list, with a feature in the memory 

trace being overwritten by a similar feature presented in the distracting list. Because the 

distracting list had no overlapping phonemes with the memory nonword, the absence of 

distractor interference effect on behavioral performance suggested that features of the 

memory trace were preserved in face of unrelated distracting sounds. The trend of an 

improvement on accuracy by distractors may be due to the fact that the presence of distractors 

made subjects more focused on the task relative to the no-distractor condition. 
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Figure 2.2.  Behavioral results in the scanner in Experiment 2: (A) Accuracy and (B) response times. Error 
bars represent the standard error of the mean. No Dist: no distractor condition; Dist: distractor 
condition. 
 

2.3.2 Univariate fMRI results 

Univariate activation analyses showed that, during the encoding period, the target 

memory nonwords similarly activated bilateral superior temporal gyri as compared to the 

fixation baseline in the no-distractor condition (Figure 2.3A) and distractor condition (Figure 

2.3B). Because task activation was compared to a fixation baseline condition, it was 

unsurprising that the activated regions for perceiving nonwords included bilateral Heschl’s gyri 

(i.e., primary auditory cortex) and a large cluster in the right superior temporal gyrus. The 

activated regions for the target nonwords also included the left supplementary motor area, the 

right superior occipital gyrus, bilateral cerebellum, and bilateral visual occipital gyri for both the 

distractor and no-distractor conditions (See Table 6 for a complete list of regions).  
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Figure 2.3.  Univariate activation results during (A-C) the encoding period and (D-F) the delay period: (A) 
and (D) show the activated regions for the no-distractor condition relative to the fixation baseline; (B) 
and (E) reveal the activated regions for the distractor condition relative to the fixation baseline; (C) and 
(F) show the contrasts of distractor vs. no-distractor conditions. The activation threshold was set at 
voxel-wise p=0.001 and corrected at cluster-wise α = 0.05 (cluster size > 29 voxels).  
 
 

A contrast of distractor vs no-distractor conditions during the encoding period showed 

that bilateral Heschl’s gyri and the peripheral superior temporal cortex were activated more for 

the distractor condition than the no-distractor condition, implying that the distractors 

presented immediately after the memory nonword activated the primary and associated 

auditory cortex. Given there was no jittering of the delay between the target nonword and 

distractors, it was not possible to strictly separate target and distractor activation. No greater 

activity for the no-distractor condition than the distractor condition was observed (Figure 2.3C). 
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Table 6.  Univariate activated regions during the encoding stages in the phonological short-term 
memory tasks with and without distractors. 

Region Talairach Coordinates Peak t 
value 

Cluster size 
(voxel) x y z 

No distractor condition vs. baseline  
(p<0.001,a <0.05)      

Right cerebellum and occipital gyrus 9 -65 -12 11.51 556 
Right superior temporal gyrus 55 -29 6 15.68 419 
Left Calcarine gyrus -17 -63 6 11.04 290 
Left superior temporal gyrus -45 -25 12 10.20 190 
 -59 -43 12 8.33 37 
 -61 -7 0 7.92 29 
Left putamen -17 5 8 9.74 50 
Left supplementary motor area -7 1 60 11.82 44 
Right superior occipital gyrus 19 -77 24 6.49 39 

      
Distractor condition vs. baseline  
(p<0.001,a <0.05)      

Right superior temporal gyrus 55 -31 6 20.52 936 
Left superior temporal gyrus -45 -21 12 18.78 699 
Right superior occipital gyrus 9 -91 16 9.66 293 
Left lingual gyrus -13 -57 -4 7.72 84 
Left supplementary motor area -7 7 48 7.88 63 
Right calcarine gyrus 11 -61 8 7.19 62 
Right cerebellum  19 -61 -20 8.83 50 
Left cerebellum -29 -53 -20 7.46 46 
Right lingual gyrus 21 -55 0 7.37 38 

      
Distractor vs. no-distractor (p<0.001, a <0.05)      

Right superior temporal gyrus 57 -17 10 13.43 446 
 61 -31 12 8.58 41 
Left superior temporal gyrus -43 -31 10 16.08 388 
 -61 -35 16 6.63 30 

 

During the delay period, no greater activity for the no-distractor condition relative to 

the fixation baseline was observed in the temporal lobe (Figure 2.3D). Only a few clusters were 

observed in the right occipital lobes and the medial cortex showing activity for the no-distractor 

condition relative to the baseline (See Table 7).  In the distractor condition, during the delay 

period, greater activity relative to the fixation baseline was observed in bilateral superior 

temporal gyri, as well as in bilateral superior occipital gyri and bilateral lingual gyri (Figure 2.3E). 
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A contrast of distractor vs no-distractor showed that bilateral superior temporal gyri and a 

cluster near the left supramarginal gyrus were activated more for the distractor condition than 

the no-distractor condition. Greater activation during the delay period for distractor than no-

distractor condition is likely due to two processes: perceiving the distractors and maintaining 

the memory word. Thus, the activation in bilateral superior temporal gyri (basically in primary 

auditory cortex) might be due to the processing of distractors, whereas the activation in the left 

supramarginal gyrus might be due to maintenance of the memory word, considering the close 

location of this region (x=-45, y=-37, z=22) to a region found in a recent study (x=-53, y=-35, 

z=24) (Yue et al., 2018). No region showed greater activity for the no-distractor condition than 

the distractor condition.  

Taken together, univariate analyses showed that the memory nonwords activated 

similar brain regions during the encoding period either with or without distractors presented 

immediately after the memory nonwords. During the delay period, greater activity was found in 

bilateral superior temporal gyri for the distractor condition as compared to the no-distractor 

condition. This might be due to the automatic activation evoked by distracting nonwords. 

Without analyzing the effect of distractors on neural representations of memory nonwords, it 

was hard to tell which region maintained the phonological representation and whether this 

representation was affected by distractors. Next, I performed RSA to address these questions. 
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Table 7.  Univariate activated regions during the delay stages in the phonological short-term memory 
tasks with and without distractors. 

Region Talairach Coordinates Peak t 
value 

Cluster size 
(voxel) x y z 

No-distractor condition vs. baseline  
(p<0.001,a <0.05)      

Right anterior cingulate cortex 5 29 26 -14.33 91 
Right superior occipital gyrus 9 11 8 8.62 65 
Right inferior occipital gyrus 23 -95 -8 -6.81 46 
Right lingual gyrus 15 -67 -8 9.22 35 
Superior medial cortex 1 39 36 -7.11 30 
Left postcentral gyrus -17 -43 66 -6.59 30 

      
Distractor condition vs. baseline  
(p<0.001,a <0.05)      

Right superior temporal gyrus 55 -23 6 10.12 570 
Left superior temporal gyrus -41 -19 12 16.86 384 
Right superior occipital gyrus 23 -89 26 11.23 235 
Left superior occipital gyrus -13 -93 16 14.95 158 
Right inferior occipital gyrus 21 -95 -8 -9.88 92 
Left superior temporal gyrus -59 -25 10 9.17 54 
Right inferior frontal gyrus (orb.) 37 23 -2 -8.58 53 
Right superior occipital gyrus 9 -83 36 9.49 42 
Left lingual gyrus -15 -55 -2 7.78 39 
Right lingual gyrus 17 -67 -8 9.60 34 
 13 -55 -6 7.43 34 
Left Rolandic operculum -53 -3 6 7.18 31 

      
Distractor vs. no-distractor (p<0.001, a <0.05)      

Right superior temporal gyrus 53 -19 12 12.67 575 
Left superior temporal gyrus -41 -19 12 13.28 488 
Left supramarginal gyrus -45 -37 22 8.45 41 

 

2.3.3 Functional ROI-based RSA results 

Encoding period  

There was no RSA evidence of phonological coding in either the no-distractor condition 

or the distractor condition in any region. It was expected that RSA evidence would be observed 

in the left STG during encoding, because this is known to be a speech perception region (e.g., 

Turkeltaub & Coslett), and RSA evidence was observed in this region in the phonological task of 
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Experiment 1. The failure to find such evidence in this experiment might be due to the nature of 

the task, which had minimal processing requirements.  That is, perhaps the task was too easy – 

though the presence of the probe items that were highly similar to the target would seem to 

have encouraged subjects to carefully encode the target item and their performance was, in 

fact, very high. Another explanation might be that the left STG defined in terms of prior 

univariate activation patterns (Yue et al., 2018) may not contain enough informative voxels to 

reflect the representational geometry for the set of nonwords used in the experiment. Actually, 

a left STG ROI which was defined by an anatomical parcellation and covered the whole lateral 

superior temporal lobe, showed significant RSA evidence during the encoding period in the no-

distractor condition (See Section 2.3.4).  
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Figure 2.4.  RSA results in functional regions of interest defined based on a recent study on phonological 
STM (Yue et al., 2018): (A) the left superior temporal gyrus; (B) the left supramarginal gyrus; (C) the left 
inferior frontal gyrus (opercular part); (D) the left precentral gyrus. The graphs show the average neural-
model similarity index (i.e., Spearman correlation coefficient) at the encoding period and the delay 
period. Error bars represent the standard error of the mean. No Dist: no distractor condition; Dist: 
distractor condition. STG: superior temporal gyrus; SMG: supramarginal gyrus; IFG: inferior frontal gyrus; 
PreCG: precentral gyrus. 
 

Delay period 

In the left STG (Figure 2.4A), there was significant RSA evidence of phonological coding 

in the no-distractor condition (t(9)=2.02, p=0.04), but not in the distractor condition (similarity 

index < 0). In addition, a paired-sample t-test showed that the neural-model similarity index 

was significantly smaller for the distractor condition than the no-distractor condition (t(9)=4.70, 

p=0.001).   



 

 

- 93 - 

In the left SMG (Figure 2.4B), there was no RSA evidence in the no-distractor condition 

(similarity index < 0). This was unexpected because this region has been regarded as a 

phonological buffer and was expected to show RSA evidence for the phonological STM, as was 

observed in the phonological task of Experiment 1. However, when distractors were presented 

during the delay period, there was significant RSA evidence in the left SMG (t(9)=2.31, p=0.02). 

The difference between the no-distractor and the distractor conditions was not significant 

(t(9)=1.53, p=0.16). 

In the left IFG (opercular part) (Figure 2.4C), significant RSA evidence was observed in 

the no-distractor condition (t(9)=2.07, p=0.03), suggesting that this region was involved in 

maintaining the phonological representation during the delay period. Given the nonwords used 

in the experiment, and the negative result in the left SMG, the RSA evidence in the opercular 

part of the left IFG may imply that subjects relied more on rehearsal to maintain the memory 

nonwords. When distractors were presented during the delay period, there was no RSA 

evidence (similarity index < 0) (See a discussion on this issue below; see also Footnote 16). 

However, the difference between the distractor condition and no-distractor condition was not 

significant (t(9)=1.75, p=0.11).  

In the left precentral gyrus (Figure 2.4D), there was no RSA evidence in either presence 

or absence of distractors during the delay period.  

 

2.3.4 Anatomical ROI-based RSA results 

In the left anatomically defined STG, there was significant RSA evidence in the absence 

of distractors during the encoding period (t(9)=1.99, p=0.04), confirming that this lateral 
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superior temporal lobe was involved in processing the nonwords. Compared to the results in a 

functionally defined STG, this suggested that the anatomical STG was better in representing the 

phonological information of nonwords than the functional STG in this study 15. When distractors 

were presented immediately after the memory nonword, there was no RSA evidence in this 

region (similarity index < 0). The difference between the distractor condition and no-distractor 

condition was significant (t(9)=2.71, p=0.02). There was no RSA evidence during the delay period 

in this region either in the presence or absence of distractors (ps>0.15).  

In the left anatomically defined SMG, there was no RSA evidence either during the 

encoding period or the delay period in the presence or absence of distractors.  

 

 

Figure 2.5.  RSA results in anatomical ROIs: (A) the left superior temporal gyrus; (B) the left 
supramarginal gyrus. The graphs show the average neural-model similarity index (i.e., Spearman 
correlation coefficient) at the encoding period and the delay period. Error bars represent the standard 
error of the mean. No Dist: no distractor condition; Dist: distractor condition. 

 

 

                                                        
15 Actually, the reverse pattern would be expected. The range of functionally defined STG is smaller than that of 
the anatomical STG, and only a limited set of nonwords was used in this experiment. The functionally defined STG 
is expected to better characterize the cortical structure of phonological representation than the anatomical STG.  
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2.4 Discussion 

In this experiment, I focused on phonological STM, and tested the distractor 

interference effects on regions implicated in phonological maintenance. Behavioral results 

showed that the presence of distractors during the delay period had no effect on recognition 

performance. According to Nairne’s feature model (1990), the representation of the memory 

item is susceptible to be interfered by a following list if a feature in the memory representation 

is matched by a feature in the items in that list.  In this experiment, a list of distractors was 

represented immediately after the memory nonword. Because the distractors had no common 

phonemes with the memory nonword, this seems to explain why distractors did not affect 

behavioral performance. This suggested that the representation of the memory nonword was 

not overwritten by distractors, and the neural code for that representation was maintained 

somewhere in the brain without interference by externally represented distractor list. If the 

representation for memory nonword was maintained in the left STG, as predicted by the 

embedded processes account, the neural representation of the target would persist despite the 

interference from distractors. However, this was not the case in the current study. RSA 

evidence in the left STG for phonological retention was absent in the presence of distractors, 

and it was significantly different from that without distractors. Taking the lack of an 

interference effect on behavioral performance into consideration, this does not support a claim 

that the left STG, the speech processing region, is the neural substrate for phonological STM.  

In contrast, the left SMG showed RSA evidence of phonological retention during the 

delay period in the distractors condition, supporting a role of buffer in this region in face of 

distractors. One issue is that this region did not show RSA evidence of phonological retention 
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when there were no distracting nonwords during the delay period. If this region serves as a 

buffer, it would be expected to maintain phonological information regardless of whether there 

were distractors or not. Then, one could argue that the anatomical dissociation on RSA 

evidence of phonological retention reflects that if there were no distractors, the phonological 

representations were maintained in the processing region whereas in the presence of 

distraction, the phonological STM representations were shifted into a non-perceptual region. In 

a recent study on visual STM, Lorenc et al. (2018) presented a grating with a given orientation 

to the subject to remember, and then, for some trials, presented a distracting grating with a 

different orientation from the memory grating midway during the delay period. Using an 

inverted encoding model approach (a similar explicit representation modeling method as RSA), 

they found that the orientation information of the memory grating could be successfully 

reconstructed from both visual sensory area (e.g., V1-V3) and the parietal area (e.g., IPS) when 

there were no distractors. However, when a distractor was presented, the orientation 

representation in the visual sensory area showed a bias towards the distracting orientation 

whereas the parietal lobe did not show such a bias, and persistently maintained the memory 

grating orientation. Based on these results, Lorenc et al. proposed a dynamic trade-off 

mechanism between the processing region and the parietal region under the different task 

demands (e.g., with or without distractors). However, this explanation seems not to apply to 

our case, because in the no-distractor condition in the present study, in addition to the left STG, 

RSA evidence of phonological retention was also observed in a posterior region of the left IFG.  

This frontal region has been assumed to be involved in speech rehearsal. Perhaps subjects used 

rehearsal to maintain nonwords during the delay period.  So, RSA evidence in this frontal region 
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suggests that it is involved in not only a rehearsal process but also maintaining some 

phonological code of the target item (e.g., articulatory features), with which subjects could 

successfully recognize the memory nonword. As discussed in Experiment 1, this evidence may 

imply an output component of the phonological buffer. In addition, coexistence of RSA 

evidence in the IFG and the left STG diminishes the possibility that the neural representations in 

the left STG underlie phonological STM. Instead, it perhaps just reflected automatic activation 

of the phonological codes induced by inner speech rehearsal. However, another issue regards 

why RSA evidence in the IFG was modulated by distraction as well. One might expect that, 

when distractors were presented as compared to the silent delay period, in order to prevent 

distractor interference, subjects might make more use of rehearsal to maintain the memory 

nonwords.  It is unclear why RSA evidence in the IFG was affected by distractors during the 

delay 16.   

In summary, the findings from Experiment 2 support predictions from a buffer account 

of phonological STM that non-perceptual regions (i.e., the left IFG, the left SMG) are involved in 

maintaining phonological representations. There are, however, some remaining issues. For 

                                                        
16 A possible explanation for this derives from findings on articulatory suppression (i.e., repeatedly articulating an 
irrelevant word during a STM test).  Articulatory suppression affects the rehearsal process (e.g., eliminating word 
length effects) (Baddeley et al., 1975). It is also known that task-irrelevant speech has an impact on short-term 
memory (Colle & Welsh, 1976), although this effect is cross-modal and irrelevant speech was typically presented 
concurrently with visual to-be-remembered materials, which is different from the present experimental setup. 
Neath and colleagues (2003) examined the relationship between articulatory suppression effect and irrelevant 
speech effect on a verbal STM task (e.g., serial recall), and found that there was a significant correlation on the 
effect sizes of disruption caused by articulatory suppression and irrelevant speech, suggesting a relation between 
the two. Other researchers (Larsen & Baddeley, 2003) posit different loci for these two effects, in which irrelevant 
speech affects the phonological store whereas articulatory suppression prevents information being in the 
phonological store from being rehearsed, thus the effect is not in the phonological store. However, if two effects 
have different loci, they should be unrelated.  Finding from Neath et al. (2003) suggests that there might be a 
common mechanism, or a common locus for two manipulations. If this is the case, it may explain to some extent 
why task-irrelevant distractors during the delay affected neural codes in the IFG, given this region is assumed to be 
involved in rehearsal.   
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example, it is unknown whether the neural evidence for phonological retention in the left IFG 

and the left SMG is modulated by the presence of distractors. Another issue, which is more 

critical regarding the buffer vs. embedded processes debate, is that it remains unclear whether 

the neural codes in the left STG in the no-distractor condition support phonological STM. In the 

next experiment, I used a brain stimulation approach to test the necessity of the left STG, as 

well as the proposed buffer region (i.e., left SMG), in phonological STM.  
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Experiment 3.  Testing the functional role of neural substrate of phonological short-term 

memory in behavioral performance 

 

3.1 Background 

Neuroimaging studies have provided evidence regarding the neural correlate of working 

memory in different domains (Christophel et al., 2017). However, neuroimaging studies may 

not allow us to make a causal inference about the roles of these cortical regions in short-term 

memory. That is, a brain region may be activated during a task, but it is unknown whether that 

region plays a functional role in that task. For example, in blind subjects, neuroimaging studies 

have shown that the primary visual cortex was activated by Braille or other somatosensory 

stimuli (Sadato et al., 1996), but this was not observed with sighted subjects (Pons, 1996) 

because visual and tactile information is assumed to be processed by different pathways. Then 

it is hard to tell whether the activated visual cortex play a functional role in somatosensory 

processing in the blind people. Traditionally, evidence regarding a causal link between brain 

regions and cognitive functions comes from neuropsychological studies of brain damaged 

patients with behavioral deficits (Shallice & Vallar, 1990; Vallar & Papagno, 1995). They found 

that lesions for patients who had impaired verbal STM localized the critical region in the inferior 

parietal lobe, suggesting that the inferior parietal lobe is the neural substrate for verbal STM. 

Recently, in a voxel-based lesion-symptom mapping study on a large group of patients, 

additional evidence regarding the relation between damaged brain areas and impaired 

behavioral performance has been added (Baldo et al., 2012; Leff et al., 2009; Yue et al., 2016). 

To provide converging evidence from healthy subjects for the evidence from brain damaged 
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patients, it is valuable to use TMS, which makes ‘virtual lesions’ at specific regions, thus 

providing a way to evaluate the necessity of contributions of brain regions to cognitive 

processes for healthy subjects (L. G. Cohen et al., 1997b; Pascual-Leone, Bartres-Faz, & Keenan, 

1999).  In this experiment, I focused on the functional contributions of the cortical areas 

implicated in phonological STM from Experiments 1 and 2. By analyzing the pattern of TMS 

effects on these brain regions for phonological short-term memory, the buffer storage vs. 

embedded processes accounts were evaluated. 

Previous TMS studies have investigated the roles of specific regions in verbal working 

memory (Deschamps, Baum, & Gracco, 2014; Romero, Walsh, & Papagno, 2006; Sliwinska, 

James, & Devlin, 2015). For example, Deschamps et al. (2014), by using repetitive TMS (rTMS), 

tested whether the supramarginal gyrus is involved in phonological processing or in verbal 

working memory. They used a same/different judgment task for pairs of two-syllable auditory 

stimuli (either spoken words or pseudowords which were created by substituting the vowels in 

the second syllable with another vowels) with a short SOA between items in a pair, which 

makes minimal demands on verbal working memory, to tap phonological processing and used 

an N-back task to tap verbal working memory. The results showed that rTMS delivered to the 

supramarginal gyrus had no effect on the same/different judgment task, but did impair 

performance in the N-back task (i.e., causing more errors and slower response times).  The 

results from this experiment are consistent with our fMRI data and patient findings that the left 

supramarginal gyrus plays a role in phonological short-term memory (Yue et al., 2016; 2018). 

However, given the complexity of the N-back task, it is unknown what specific functional 

component of working memory was supported by the supramarginal gyrus in this task. To 
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overcome this concern, an RSA-fMRI guided TMS design was employed in this experiment, in 

which regions showing neural evidence for phonological short-term memory could be located. 

Then applying TMS to these regions (e.g., either the speech processing or the proposed buffer 

region, or both) during the delay period of a delayed recognition task could test if these regions 

underlie the retention of memory information.  

In the repetitive TMS paradigms, stimulation has been typically applied ahead of the 

behavioral experiment, and rTMS has been used to induce long-lasting suppression effect at the 

stimulated region. The purpose of this experiment is to test TMS effects in both the speech 

processing region and the putative phonological buffer region. Off-line rTMS is not preferable 

because if I observe a TMS effect in the speech processing region, it is unclear whether this 

effect is attributable to perception or retention 17. Thus, an online non-repetitive TMS paradigm 

(triple pulse) was used in this experiment, which allowed delivery of the stimulation during the 

delay period of a STM task. Some studies have used single- or triple-pulse TMS paradigm to 

examine the causal role of the occipital lobe in visual STM (Cattaneo, Vecchi, Pascual-Leone, & 

Silvanto, 2009; Rademaker, van de Ven, Tong, & Sack, 2017; van de Ven, Jacobs, & Sack, 2012; 

van Lamsweerde & Johnson, 2017). For example, in Cattaneo et al.’s (2009) study, subjects 

were asked to remember the clock hands in a visual STM task, and a single-pulse of TMS was 

delivered over the occipital lobe either at the start or the end of a 2000ms retention period. 

They found that TMS applied at the start of the retention period caused an interference effect 

                                                        
17 One may use rTMS with two tasks (a speech perception task and a STM task) to validate the role of a non-
perceptual region in phonological STM. For example, if the left SMG is not involved in speech perception but in 
STM, rTMS to this region would not affect the perception task but would impair the STM task. This may serve as 
evidence for a buffer account. However, this does not work regarding whether a processing region play a role in 
STM. Motivated by our prior study and results from Experiment 2, the main purpose if this experiment is to test 
the necessity of a buffer region, as well as a processing region (showing limited neural evidence for phonological 
retention), in phonological STM. So I chose an on-line paradigm to test two regions in the same STM task. 
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on STM performance (i.e., longer response time for TMS condition vs. no-TMS condition), but 

this interference effect was absent when TMS was applied at the end of the retention period. 

This timing-sensitive TMS effect was also observed in other studies (van de Ven et al., 2012; van 

Lamsweerde & Johnson, 2017) which examined the contribution of early visual cortex to STM. 

In van de Ven et al. (2012) study, they manipulated the onset of a single TMS pulse during the 

delay period of a visual STM task (i.e., 100ms, 200ms, 400ms after the onset of the 150ms 

presentation period of memory items) and included two memory load conditions (i.e., one and 

three memory items). They observed an interference effect on memory accuracy (i.e., lower 

accuracy for TMS condition vs. no-TMS condition) when a single TMS pulse was delivered at the 

200ms timing condition, but such interference effect was absent when the TMS pulse was 

delivered later (i.e., 400ms). In addition, this time-course pattern was only observed in the high 

memory load condition. These interference effects were claimed to support the embedded 

processes account for visual STM, in which the visual STM representation was maintained in the 

visual sensory area and TMS delivered at this region caused the longer response time or lower 

accuracy. However, taking the discrepancy between early vs. late timings of TMS pulse into 

consideration, another explanation was proposed that the absence of the interference effect at 

the late delay period reflected a nonessential role of the visual sensory region in STM - that is, 

once the STM representation has been transformed and consolidated into the visual buffer, 

TMS to the visual sensory region does not affect STM performance (Xu, 2017; 2018). Xu et al.’s 

claim is consistent with an observation in our study (Yue et al., 2018) showing that during the 

encoding period (or the early delay period) the left STG became more strongly connected with 

the left SMG, suggesting a transformation mechanism between the speech processing region 
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and the proposed phonological buffer region. This observation favors a buffer account for 

phonological STM. 

In this experiment, I employed a triple-pulse TMS paradigm to test the functional roles 

of cortical regions as showing neural evidence of phonological maintenance through RSA-fMRI, 

and then analyzed the pattern of TMS effects on these regions to evaluate the buffer storage vs. 

embedded processes accounts of STM. First, I used the same set of subjects in Experiment 2, 

and their RSA fMRI results could be used to locate the target regions for the TMS experiment. 

Results from Experiment 2 indicated that the left STG showed RSA evidence for phonological 

storage during the delay period in the no-distractor condition, and the left SMG showed RSA 

evidence for phonological storage during the delay period in the distractor condition. These two 

regions were chosen as the target regions for the TMS experiment. An occipital control region 

was also selected.  

Then, in a behavioral experiment (Experiment 3), triple TMS pulses were delivered to 

each of these regions (i.e., the left STG, the left SMG, and occipital control region) during the 

delay period of a recognition probe task. To uncover the potential time-course of TMS effects, I 

also manipulated the timing of the TMS pulses. For the early delay period condition, TMS pulses 

were delivered at the offset of the encoding period (i.e., the onset of the delay period), and for 

the late delay period condition, TMS pulses were delivered 600ms later. The embedded 

processes accounts claim that the content of short-term memory consists of the activated 

portion of long-term memory.  Thus the observed RSA evidence for phonological storage in the 

speech processing region from Experiment 2 would suggest that targeting TMS at this region 

would disturb the STM representation and hence disrupt behavioral STM performance. The 
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TMS interference effect would be expected in the early TMS timing condition, but might not in 

the late TMS timing condition. In contrast, buffer storage models predict additional regions 

involved in maintaining the memory information. Results from Experiment 2 have shown that 

the RSA evidence for phonological storage in the speech processing region was susceptible to 

distractors, but the presence of distractors did not disrupt behavioral performance.  So, buffer 

accounts would predict that TMS delivered at the speech processing region would not affect 

the STM performance, whereas stimulation at the buffer region would disrupt the STM 

performance.   

 

3.2 Methods 

3.2.1 Participants 

Ten subjects (18-22 years old, mean: 19.7 years old, 6 females) who participated in 

Experiment 2 also participated in this experiment. In this way, the target regions for the TMS 

experiment could be located by choosing the regions which showed RSA evidence (i.e., model-

neural similarity pattern) in Experiment 2 for each individual subject. Subjects were asked to 

sign a consent form to participate in this experiment according to procedures approved by the 

Rice University Institutional Review Board. Subjects received monetary compensation or credits 

towards course requirements for experiment participation. 

 

3.2.2 Tasks and Materials 

A single-item delayed recognition task was used in the behavioral TMS experiment. 

Compared to the delayed recognition task used in the fMRI scanner (i.e., Experiment 2), a short 
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delay period (3 seconds) was employed in the TMS experiment. In this task, each trial began 

with a red fixation cross showing in the center of a PC monitor for 500ms, and a nonword was 

played binaurally via earbuds to the subjects within 700ms, followed by a 3-second delay. 

Subjects were instructed to remember the nonword over the delay period. Then a probe 

nonword was played and subjects were required to respond to the probe by pressing the 

buttons whether the probe matched the memory nonword or not. The task was administered 

to the subject by using E-prime 2.0 (Psychology Software Tools, https://pstnet.com/). Subjects’ 

response times were recorded from the onset of the probe nonword. During the delay period, 

The TMS pulses were delivered to the target or control brain regions (see TMS procedures 

below).  

 

 

Figure 3.1.  The TMS experiment task and stimulated brain regions. (A) In the delayed recognition task, 
triple-pulse TMS stimulation was triggered at 700ms (early) or 1300ms (late) after the onset of the 
memory nonword. (B) Red dots indicate the target sites stimulated by TMS in the left supramarginal 
gyrus (SMG); (C) Blue dots indicate the target sites in the left superior temporal gyrus (STG). Each dot 
represents a subject. White dashed line represents the sylvian fissure. Small figures aside show the 
anatomical parcellations of the left SMG and left STG for reference. 
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A large set of 120 nonwords, including 16 nonwords used in Experiment 2, was used as 

the memory items in the TMS experiment 18. The nonwords were created by using an online 

text-to-speech software (http://www.fromtexttospeech.com/) at a sampling rate of 22.05Hz. 

The average duration of the nonwords was about 680ms. As in Experiment 2, the non-matching 

probes differed in a single feature of a phoneme from the target memory items (e.g., sirp vs. 

sirb). Half of the trials are matching and half non-matching. 

 

3.2.3 TMS procedures 

Before the on-site TMS experiment, each subject’s anatomical and functional images 

were acquired in Experiment 2. For the TMS experiment, I used the Brainsight TMS Navigation 

system (Rogue Research Inc.), registering each subject’s brain to the anatomical images by 

using four anatomical landmarks (i.e., tip of nose, nose bridge, left and right ear notches). The 

functional data were registered to the anatomical images (in Experiment 2), thus the regions 

which showed neural-model similarity evidence served as the target areas for the onsite TMS 

experiment. For each subject, three target regions were chosen based on the center of mass of 

clusters in RSA results in Experiment 2. The anatomical parcellation from the Freesurfer (Fischl 

et al., 2004) was used to help locate the relevant areas - that is, the search was primarily 

conducted within the range of the anatomical masks for the corresponding regions. The first 

target TMS region of interest was in the left SMG, which has been argued to be a buffer area for 

                                                        
18 There might be a possibility that processing a large set of materials which contain a rich set of phonological 
features involved a richer representation space, as compared to a limited set of stimuli used in Experiment 2. 
However, I assume that this difference does not have a significant impact on the location of either the speech 
processing region or the phonological buffer region. Otherwise, stimulation in a region defined by a limited set of 
stimuli may attenuate an effect when averaging across trials for a large set of stimuli, and this should be kept in 
mind when interpreting the negative result. 
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phonological STM; the second one was in the left STG, which was regarded as the speech 

processing area. The last one was a control region, and was located in the posterior occipital 

lobe, which was a primary visual processing area. Specifically, considering the results from 

Experiment 2, the selection of the target regions followed these priority criteria: for the left 

SMG, (1) if RSA evidence of phonological retention during the delay period (with a threshold of 

voxel-based neural-model similarity index >0.1) was observed in both distractor and no-

distractor conditions, the overlapping cluster was chosen as the SMG target region; (2) or if no 

overlapping cluster between distractor and no-distractor conditions was found, a cluster 

showing RSA evidence in the distractor condition was considered first; (3) or if none of (1) and 

(2), a cluster showing RSA evidence in the no-distractor condition was chosen. With these 

criteria, five subjects showed RSA evidence in a left SMG for both distractor and no-distractor 

conditions, and four subjects showed RSA evidence for the distractor condition only, and one 

subject showed RSA evidence in the no-distractor condition (See Table 8).  For the left STG, in 

addition to the criteria described above, RSA evidence during the encoding period in this region 

was also considered - that is, if a common region in the left STG showed RSA evidence during 

both the encoding period and the delay period, that region was considered first, otherwise, a 

region showing RSA evidence during the delay period was chosen.  Table 8 shows the detailed 

situations for each subject. For the control region, a posterior occipital region showing no RSA 

evidence during either period was chosen.  With these criteria, I was able to locate three target 

regions for all subjects. The Talairach coordinates of three target regions for all subjects are 

shown in Table 9. Notice that all target regions were defined in each individual’s native space, 

and the coordinates in the standard space were only for reference. 
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Table 8.  Individual’s RSA results in the left STG and the left SMG in Experiment 2. 

Subjects 
Left STG  Left SMG 

No-distractor Distractor  No-distractor Distractor Encoding Delay Encoding Delay  
s103 P P – –  – P 
s104 P – P –  – P 
s105 – P – –  – P 
s106 – P – –  P P 
s107 – – – P  P P 
s108 P – P P  P P 
s109 – P – P  – P 
s110 P – – P  P P 
s111 P P P –  P P 
s112 P P – –  P – 

“P” indicates that RSA evidence was observed in the corresponding condition;  
“–” indicates no RSA evidence, or no overlapping region with other conditions. 

 
 

Table 9.  Talairach coordinates of the target regions in the TMS experiment.  

Subjects Left SMG  Left STG  Occipital 
x y z  x y z  x y z 

s103 -45 -55.8 50.4  -58 -9.6 -1.5  -4.5 -102.8 8.6 
s104 -61.5 -39.4 34.4  -65.2 -31.9 5.7  -13.3 -101.7 12.3 
s105 -60.5 -31.5 41.5  -63.8 -17.5 -2  -12.5 -96.5 23.5 
s106 -63 -39.7 37.1  -56.7 -31.6 6  -9.6 -94.1 14.4 
s107 -59 -28.9 40.3  -65.1 -19.2 9.5  -8.3 -99.1 14.8 
s108 -58.5 -31.9 41.6  -64.6 -23.2 9.7  -4.5 -98.5 2.5 
s109 -62.2 -37.2 38.6  -55.3 10 -4.9  -7.6 -95.4 19.3 
s110 -59.1 -37 41.3  -65.6 -13.5 4.7  -10.5 -100.4 3.4 
s111 -58.5 -49.1 37.9  -64.7 -21.3 5.8  -10.6 -97.5 -0.2 
s112 -66.5 -29.4 25.1  -67.3 -23.7 2.7  -10.4 -98.8 4.6 

 

 

In TMS trials, during the delay period, brain stimulation was delivered to the target 

region using Magstim Rapid2 simulator system (Magstim Inc.) with the D702 coil being placed 

perpendicularly to subject’s scalp. For the early timing condition, triple pulses with 100ms 

interval (10Hz) were triggered at 700ms after the onset of the memory item (i.e., the start of 
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the delay period), and for the late timing condition triple pulses were triggered at 1300ms after 

the onset of the memory item (i.e., 600ms later after the onset of the delay period). In the no-

TMS trials, the coil was placed at the same region, but no pulse was delivered. For each target 

area, there were 10 trials for the TMS condition and 10 trials for the no-TMS condition, and the 

order of these 20 trials were pseudo-randomized and grouped in a block.  Orders for three 

target TMS regions (i.e., SMG, STG, occipital gyrus) and two TMS timing conditions (i.e., early, 

late) were counterbalanced across subjects. The stimulation intensity was set to the motor 

threshold for each subject individually at the beginning of the experiment. Before the formal 

experiment, a short practice session including 5 TMS trials and 5 no-TMS trials was 

administered to subjects with the coil placed at the vertex of the brain, to get subjects familiar 

with the stimulation procedure. 

 

3.2.4 Predictions 

The two target stimulated regions were defined based on RSA results from Experiment 2. 

Results in Experiment 2 showed that although the left STG showed RSA evidence of 

phonological storage during the delay period, the presence of distractors made this evidence 

absent, suggesting its nonessential role in phonological STM. I predicted that TMS applied to 

this region would have no effect on behavioral performance. Results from Experiments 1 and 2 

suggested that the left SMG serves as a phonological buffer. I predicted that TMS delivered to 

the left SMG would disrupt behavioral performance (e.g., either longer response time or lower 

accuracy for TMS condition vs. no-TMS condition).  
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3.3 Results  

Response times were recorded from the onset of the probe nonword. As shown in 

Figure 3.2A, when the TMS pulses were delivered in the left supramarginal gyrus at the onset of 

the delay period (i.e., offset of the memory nonword), RT was longer for the TMS condition 

(1058 ms) than for the no-TMS condition (1006 ms). A paired-sample t-test confirmed that the 

difference was significant (t(9)=2.69, p=0.02). However, this TMS effect on RT was not observed 

in the left superior temporal gyrus (TMS: 1021 ms, no-TMS: 1027 ms; t(9)=0.13, p=0.9) or in the 

control region (i.e., occipital gyrus) (TMS: 1024 ms, no-TMS: 1018 ms; t(9)=0.12, p=0.91). When 

the TMS pulses were delivered 600 ms later after the onset of the delay period (Figure 3.2B), 

there was no significant TMS effect on RT in either the left supramarginal gyrus (TMS: 1032 ms, 

no-TMS: 1039 ms; t(9)=0.56, p=0.59), the left superior temporal gyrus (TMS: 1045 ms, no-TMS: 

1027 ms; t(9)=0.91, p=0.39), or the occipital gyrus (TMS: 1045 ms, no-TMS: 1046 ms; t(9)=0.02, 

p=0.98). 

 

 

Figure 3.2.  Response times in the TMS experiment for (A) the early timing condition (i.e., onset of the 
delay period) and (B) the late timing condition (i.e., 600 ms after the onset of the delay period). Error 
bars represent the standard error of the mean. n.s.: no significant. 
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With respect to accuracy, as shown in Figure 3.3A, when the TMS pulses were delivered 

at the onset of the delay period, there was no significant difference between the TMS condition 

and the no-TMS condition in either the left supramarginal gyrus (TMS: 98%, no-TMS: 97%; 

t(9)=0.43, p=0.68), the left superior temporal gyrus (TMS: 95%, no-TMS: 96%; t(9)=0.32, p=0.76), 

or the occipital gyrus (TMS: 95%, no-TMS: 96%; t(9)=0.43, p=0.68). When the TMS pulses were 

delivered at 600 ms later than the onset of the delay period (Figure 3.3B), no significant TMS 

effect on accuracy was observed in either the left supramarginal gyrus (TMS: 97%, no-TMS: 96%; 

t(9)=0.56, p=0.59) or the left superior temporal gyrus (TMS: 96%, no-TMS: 98%; t(9)=0.8, p=0.44).  

However, in the occipital gyrus, accuracy was slightly higher on the TMS condition (99%) than 

on the no-TMS condition (96%), a difference which reached marginal significance (t(9)=1.96, 

p=0.08). 

 

 

Figure 3.3.  Accuracy in the TMS experiment for (A) the early timing condition and (B) the late timing 
condition. Error bars represent the standard error of the mean.  
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3.4 Discussion 

In this experiment, using TMS, I tested the necessity of the left STG and the left SMG in 

phonological STM. I did not observe any TMS effect on behavioral performance when 

stimulation was delivered at the left STG. In contrast, a TMS effect on response time was 

observed when stimulation was delivered at the left SMG at the start of the delay period. 

Because the left SMG was defined by RSA findings which are assumed to reflect STM content 

rather than other processes involved in working memory (e.g., attentional control), the TMS 

effect observed in this region serves as evidence supporting the necessity of this region in STM 

maintenance of phonological codes.  

The discrepancy between early vs. late TMS effects in the left SMG makes the 

interpretation complicated. The early vs. late TMS timing manipulation was originally made to 

uncover potential time-dependent TMS effects in the processing region, which have been found 

in the visual STM domain (Xu, 2017). However, no TMS effect was observed in the left STG for 

either early or late timing condition. Instead, time-dependent TMS effects were observed in the 

left SMG. If the phonological representations were maintained in the left SMG over the delay 

period, TMS effects would be expected for both early and late timing conditions.  The observed 

discrepancy may lead one to argue that such TMS effect in the early timing condition might be 

due to some disruption of perception codes. This explanation seems implausible. If the early 

TMS effect is attributed to the perceptual disruption, such a TMS effect should be observed in 

the left STG because this region is considered to be actually involved in speech perception, but 

it was not. One explanation for the time-dependent TMS effect in the left SMG is that it may 

reflect the dynamic nature of WM codes in the buffer. In a recent neurophysiological study, 
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Spaak et al. (2017) evaluated generalization and dynamics of the single-electrode signal in a 

WM task recorded from the monkey prefrontal region. Specifically, they trained a decoder 

based on a given delay period and used this decoder to decode stimulus information during 

other delay periods. If the decoder shows good generalization in decoding information across 

different delay periods, the WM representation is assumed to be maintained in a stable state. 

They found that during the early delay period up to 500ms after the offset of stimulus 

presentation, the neural codes for WM information changed dynamically, whereas during the 

remaining delay period, the WM codes remained stable. A similar pattern has been observed in 

another study (Murray et al., 2017). Inspired by these observations, Barbosa (2017) proposed 

an explanation to reconcile the dynamic and stable nature of WM codes from a dynamic 

systems perspective - that is, when the sensory input disappears, the WM system evolves 

towards a stable state, but before that the WM code remain dynamic and is vulnerable to 

external disturbance. Once the system achieves a stable state, distractors no longer have an 

effect on the WM representation. This claim seems to explain the discrepancy of the TMS 

effects in the present experiment. Immediately after the disappearance of the memory 

nonword and during the early delay period, the phonological information was being 

transformed from the speech processing region to the buffer region but the STM 

representation had not yet constructed in the buffer, leading the STM code is susceptible to 

interference (e.g., by the TMS pulses), but once the STM representation had been consolidated 

in the buffer, it remained in a stable state and external stimulation had a negligible effect on 

STM. Similar time-dependent interference effects on visual STM from behavioral data has been 

reported showing that performance on a visual arrays task was impaired by masks which were 
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presented shortly after the memory arrays (e.g., less than 200 ms), but not when masks were 

presented more than 500ms later (Vogel, Woodman, & Luck, 2006). As compared to the 

behavioral data, the present experiment shows that neural locus of this interference effect on 

phonological STM is in the left SMG, implying its role in buffering phonological codes. Then, one 

question arises as to what kind of a stable code is unaffected by TMS during the late delay 

period. This issue relates to the nature of WM (e.g., see discussions in Section 4.1 in General 

Discussion regarding a distributed nature of WM). If the WM representation is maintained in a 

distributed manner along the fronto-parietal regions, disturbance at one region within the 

fronto-parietal network may not sufficiently affect behavioral performance because a 

disruption of the neural representation in a local region may be restored or compensated via its 

connection from other regions in this network. This claim seems to be supported by the data 

from computational modeling work which showed that stronger functional connectivity 

between the prefrontal and parietal regions was associated with more stable memory 

representations (Constantinidis & Klingberg, 2016; Edin et al., 2009). If WM has the distributed 

nature, future studies using a multifocal TMS paradigm which applies TMS over two or more 

regions simultaneously are needed to test this claim.  

The present study with a non-repetitive TMS approach found a TMS effect on response 

time but not on accuracy. TMS-induced effects on high-level cognitive functions such as 

language and memory have usually been quantified by either changes in RT and/or accuracy of 

a given task. Accuracy effects (e.g., decreased accuracy for TMS condition vs. sham condition) 

on phonological STM have typically been reported in studies with a repetitive TMS approach 

(Deschamps et al., 2014; Romero et al., 2006), although RT effects have been observed in these 
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studies as well.  The triple-pulse TMS procedure used in the present is assumed to induce a 

short-lived suppression effect, as compared to the repetitive TMS that has a long-lasting 

suppression effect. Also, it should be noted that those studies which found TMS accuracy 

effects typically used phonological STM tasks that tapped phonological retention for multiple 

items (Deschamps et al., 2014; Romero et al., 2006). Thus, the absence of TMS effect on 

accuracy might be due to the short-lived suppression effect or a relatively simple phonological 

STM task (i.e., maintaining the sounds of one item) used in the present study. Future work 

using a repetitive TMS procedure with pulses filling up the delay interval, or using a long-term 

repetitive TMS prior to the behavioral task would expect to observe the accuracy effect.  

It is possible that multiple non-sensory regions may be found to be involved in 

maintaining STM information, such as the posterior part of the left IFG implicated from 

Experiment 2. Results suggest that this region plays a different role in phonological 

maintenance (e.g., in maintaining input vs. output phonological codes; Martin et al., 1999). If so, 

it is possible that the degree of disruptions differs across regions, providing some suggestion 

that the regions differ in their relative contributions in a given STM task. For example, a recall 

or a repetition task is assumed to rely more on the output phonological buffer than the input 

buffer. Then, performance on the recall or repetition task would be more impaired by TMS 

stimulations at this frontal region, as compared to TMS stimulations at the input buffer region 

in the inferior parietal lobe.  However, it is beyond the scope of the current study to determine 

if the different regions play different roles. Future work is needed to pin down the specific 

contribution of each region by TMS. 

  



 

 

- 116 - 

General Discussion 

 

In this dissertation, using different approaches from cognitive neuroscience, I evaluated 

the buffer vs. embedded processes accounts of verbal STM. Evidence from three experiments 

provides greater support for a buffer over an embedded processes account of verbal STM from 

different aspects. In this section, first I discuss some general implications for the buffer vs. 

embedded processes debate on STM, and then I discuss some implications for theories of the 

neural mechanism of STM. Finally, I point out the limitations of the present experiments and 

propose some directions for future research. 

  

4.1 Buffer vs. embedded processes accounts of verbal short-term memory 

Results from Experiments 1 and 2 show that different inferior parietal and prefrontal 

lobes are involved in phonological and semantic retention, or that the same region (i.e., angular 

gyrus) maintains different neural codes for phonological and semantic STM. In addition, a 

posterior inferior frontal lobe region was found to be involved in maintaining a phonological 

code, though this could be plausibly due to the maintenance of different but related features 

(e.g., articulatory features). All regions uncovered here are different from those that are 

supposed to be involved in phonological and semantic processing per se. Results from 

Experiment 3 confirm the causal role of the left supramarginal gyrus in phonological short-term 

storage. Overall, the evidence favors a multi-component model for verbal STM (R. C. Martin et 

al., 1994; 1999).  
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In addition to regions predicted by prior neuroimaging and patient data, some regions 

such as the angular gyrus, the anterior temporal lobe and the prefrontal gyrus, were shown to 

be involved in maintaining the phonological or semantic information. These observations 

suggest that verbal information, both for phonology and semantics, is maintained not just in a 

single buffer region, but in a distributed manner along a fronto-parieto-temporal network, 

although different regions in this network may maintain different formats in one domain (e.g., 

inferior parietal for input phonological buffer vs. inferior frontal for output phonological buffer). 

This pattern of distributed WM storage for verbal information is in line with findings in the non-

verbal visual domain showing that different features of visual stimuli in WM (e.g., orientation, 

shape, location, etc.) are maintained in different occipital, parietal, and frontal cortices 

(Christophel et al., 2012; 2015; Ester et al., 2015; Lee et al., 2013; See Lee & Baker, 2016 for a 

review). Results from the present experiments, as well as findings in the previous studies in the 

visual domain, can be explained based on a recent theoretical framework which postulates that 

WM storage has a distributed nature (Christophel et al., 2017). Christophel et al. (2017) 

propose that information in WM can be maintained in either sensory regions or frontoparietal 

regions, with a given region maintaining a specialized representation at different levels (e.g., 

low-level visual features in the occipital cortex vs. high-level abstract information in the frontal 

cortex), depending on the upcoming task demands or future behavior. However, 

neurophysiological studies which provide a more precise location of neural signal recording 

showed that it is not exactly the same visual encoding area but a region downstream along the 

visual pathway maintained the visual memory information (Leavitt et al., 2017; Mendoza-

Halliday, Torres, & Martinez-Trujillo, 2014). So, it is prudent to assume that WM storage can be 
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distributed along the non-perceptual fronto-parietal regions. Thus, the different representation 

formats for phonological and semantic retention can be explained on the grounds that the left 

supramarginal gyrus maintained the phonological representation in the service of the upcoming 

phonological judgment task whereas the left angular gyrus and the left middle frontal gyrus 

maintained the semantic representation in the service of the upcoming semantic judgment task. 

Also, the coexistent evidence of the posterior inferior frontal lobe and the supramarginal gyrus 

for phonological retention can be explained as the relative contributions to phonological STM – 

that is, if a task relies more on the input phonological codes (e.g., maintaining a phoneme by 

identifying phonetic features based on auditory input in a matching or a recognition task), the 

supramarginal gyrus, which is assumed to be an input buffer, plays a role in maintaining such 

phonological representations; instead, if a task relies more on the output phonological codes 

(e.g., maintaining a phoneme by using a rehearsal based on articulatory codes in a repetition or 

recall task), the inferior frontal gyrus, which is implied as an output buffer, plays a role in 

maintaining such representations. In addition, it is typically not easy to completely tease apart 

different phonological representations (e.g., input vs. output). Thus, it is unsurprising that both 

regions showing neural evidence for phonological retention in the present experiments.  

A critical argument put forward in favor of the embedded processes account is that it 

provides a more parsimonious WM model. This issue is usually raised with respect to the 

following question: how many buffers do we need to maintain information from all different 

categories (e.g., face vs. house, or speech vs. music)?  The embedded processes model claims 

greater parsimony, relative to the buffer model, by specifying a domain-general attentional 

process which keeps the information in long-term memory active for each domain (Kintsch, 
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Healy, Hegarty, Pennington, & Salthouse, 1999; Ruchkin, Grafman, Cameron, & Berndt, 2003). 

From a simple point of view, if a buffer model assumes a dedicated buffer region for each 

domain, it is unlikely that human brain has nearly infinite buffer regions for all categories.  

However, this issue may be addressed by this distributed WM hypothesis. It is very likely that 

different features of the same object in one domain are maintained in different brain regions, 

while the same features of objects from different domains are maintained in the same region. 

From a network perspective, considering the connectivity between different brain regions, it is 

likely that these regions are organized as a complex network which evolves dedicated modules 

to maintain different information with various features.  It should be noted that the embedded 

processes model loses its claimed parsimony if multiple specific attention systems must be 

postulated for different domains. In fact, accumulating evidence suggests that attention is not a 

unitary system (Tamber-Rosenau & Marois, 2016). Thus, parsimony is not a problematic issue 

only with respect to buffer accounts of STM. However, investigating the interaction between 

the short-term storage and its corresponding attentional process is beyond the scope of this 

dissertation, but future work addressing this issue with systematic approaches should be a high 

priority. 

 

4.2 Implications for theories of the neural mechanism of short-term memory 

My dissertation work also has some implications for theories of the neural mechanism 

of short-term memory. First, an active debate on the neural basis of STM concerns whether 

persistent neural spiking activity underlies working memory (See recent companion papers for 

dual perspectives on this issue) (Constantinidis et al., 2018; Lundqvist, Herman, & Miller, 2018a), 
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as has often been assumed in neurophysiological studies in animals. Evidence on this issue 

mainly comes from studies with primates by recording neuronal activity from electrodes (or 

electrode array) implanted in the animals’ cortex. Traditionally, persistent spiking activity 

recorded from the prefrontal cortex during the delay period of a working memory task has 

been regarded as the neural basis of STM (Fuster & Alexander, 1971; Goldman-Rakic, 1995). In 

human neuroimaging studies, this interpretation has been applied to persistent activity model 

recording from an elevated and sustained hemodynamic response (e.g., fMRI) during a delay 

period of a WM task. Recent observations from neurophysiological studies argue against the 

necessity of the persistent activity in WM. For example, Lundqvist et al. (2018b) argue that the 

persistent activity observed in previous studies is just a result of averaging signals across trials, 

but in single trials spiking is sparse and transient. Instead, they propose that this transient but 

rhythmic spiking (e.g., gamma band) favor an alternative WM model which does not rely on 

persistent spiking activity but short-term synaptic changes - that is, the transient bursting 

changes the synaptic weights, leaving a pattern in the neural population which carries the 

memory representation. In human neuroimaging studies, this interpretation has been applied 

by assuming that the fMRI multi-voxel activation pattern retains such short-term synaptic 

weight changes, thus retains memory representations. Based on this approach, evidence 

showing that the STM information can be read out from sensory areas in the absence of 

sustained activity has been suggested as support for the embedded processes account of STM. 

However, the persistent spiking activity model and synaptic mechanism do not conflict with 

each other, and probably they play different roles in WM from a theoretical perspective. For 

example, a short-term synaptic mechanism has been associated with WM representation for 
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single items, and such a representation may be out of the focus of attention (e.g., unattended 

item) (Rose et al., 2016) or even nonconscious (Silvanto, 2017), whereas persistent spiking 

activity has been associated with items which are directly available to conscious access. 

Previous studies have shown that the neural signals during the delay period of a WM task (Todd 

& Marois, 2004; Vogel & Machizawa, 2004; Xu & Chun, 2006) recorded from a visual buffer 

region (i.e., intraparietal sulcus) tracked set size of multiple items maintained in visual STM and 

when set size exceeded the limit of STM capacity the neural signal reached a plateau. This 

profile of neural signal resembles the pattern observed in behavioral data. These observations 

seem consistent with the claim that persistent activity is linked with multiple representations 

which remain active in the focus of attention and play a critical role in successful WM behavior. 

Other evidence supporting the role of persistent activity in WM behavior comes from recent 

neurophysiological studies which found that lower persistent activity was associated with error 

trials whereas greater activity predicted the correct performance (Bolkan et al., 2017; Bray, 

2017). Apparently, distinguishing the exact roles of persistent spiking vs. transient bursting (or 

short-term synaptic weights) in WM is not easy, and beyond the scope of this dissertation work. 

As compared to the issue with regard to persistent spiking activity, which is analogous to asking 

what the neural mechanism of STM is, addressing the buffer vs. embedded processes account 

debate is like answering where STM is. In the current study, with respect to phonological STM, 

although the speech processing region (e.g., left STG) and the proposed phonological buffer 

region (e.g., left SMG) showed similar pattern of overall activity during the encoding period and 

the delay period (See Appendix G for the univariate activity results in the left STG and the left 
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SMG) 19, these two regions showed strikingly different patterns of RSA results. There is no 

reason to assume that the multi-voxel neural pattern recorded by fMRI reflects synaptic 

weights. However, based on a similar idea, multivariate fMRI approaches assume that the 

presence of the stimulus leave a pattern across multiple voxels in a given region from which the 

memory can be read out. This suggests that the univariate activity and the multi-voxel pattern 

are dissociated from each other, with univariate activity is associated with items in the focus of 

attention and the multi-voxel pattern is sensitive to the stimulus representation, and this 

further implies that persistent activity and synaptic mechanism may characterize different 

aspects of WM. More importantly, this dissociation demonstrates that the phonological 

representations shift from the processing region during the encoding period from the proposed 

buffer region during the delay period, consistent with a buffer notion.  

Second, neither a persistent spiking activity model nor a synaptic weights model specify 

a mechanism which deals with the distracting stimuli in WM (Constantinidis et al., 2018; 

Lundqvist et al., 2018a). In a typical WM task, only one item is presented to the subject, 

followed by a blank delay period. If the neural substrate for processing is the site for STM, 

according to the embedded processes account, it is unclear how the sensory network is capable 

of processing incoming distracting information while simultaneously maintaining the memory 

item. However, it is easy for a buffer account to incorporate a module to maintain the memory 

trace while freeing the processing region for incoming stimuli (either task relevant, e.g., 

multiple items in WM, or task irrelevant, e.g., distractors) (Lorenc et al., 2018; Xu, 2017). Then, 
                                                        
19 According to our prior study (Yue et al., 2018), it was expected to observe sustained activity (relative to baseline) 
during the delay period in the left SMG even if there was only one item in the STM task in the present study. 
However, I did not observe the sustained activity in this region. Given the RSA design used in the present studies 
(i.e., repetition of a given word for trials), the lack of sustained activity might be due to the repetition suppression. 
See also Footnote 1.  
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future work is needed to uncover how presentations are transformed from the processing 

region to the buffer region, and how representations of individual items are convolved with the 

serial order information in the buffer.  

The last point concerns the differences between RSA results based on timepoint-by-

timepoint analysis and those based on the average activation pattern over the delay period in 

some prefrontal regions. This may be relevant to observations in neurophysiological studies 

which found dynamic coding in the prefrontal region of primate, in which stable mental 

representations are embedded in dynamic neural representations (Murray et al., 2017; Spaak 

et al., 2017). This dynamic nature of neural activity may explain observations in the present 

study that in prefrontal region memory representations cannot be decoded directly from the 

neural patterns (i.e., no RSA evidence) at a specific timepoint but can from the average 

activation pattern over the delay period which averaged out the noise and was a more stable 

estimate for neural signals that carry memories. From a theoretical perspective, this may imply 

a mechanism that multiple memory representations, including one even if not tapped by goal 

of the task, are hidden in the heterogeneous neural activity in the prefrontal region. 

 

4.3 Limitations and future directions 

There are limitations in the present studies, and further work is needed to resolve these 

issues: First, although results in Experiment 1 and 2 imply an output phonological buffer, this 

cannot be validated unless using a recall task which explicitly taps the phonological output 

buffer or employing a set of stimuli which has contrasting theoretical models for input and 

output buffers. If the output buffer and input buffer maintain different codes (e.g., articulatory 
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codes vs. acoustic-phonetic features), it is expected to see contrasting fits between the neural 

presentation in each buffer regions with the corresponding theoretical models. For example, in 

an output buffer region, RSA evidence for the neural representation with the output matrix 

would be greater than that with the input matrix, and vice versa in the input buffer region. In 

addition to manipulating theoretical predictions, stimulating the output buffer region (e.g., 

implicated by RSA evidence of retention for output codes) by TMS also provides a way to 

validate the functional role of that region in maintaining the output phonological codes.  

The second direction is to explore the connections between the perceptual regions and 

buffer regions, as well as connections between the parietal buffer region and the prefrontal 

region. As I discussed previously, from the theoretical perspective, it is important to know what 

information is maintained in the buffer. Results from Experiment 1 showed that the 

phonological representation shifted from the processing region during the encoding period to 

the buffer region during the delay period. But it is unclear how these phonological 

representations are transformed and maintained in the buffer.  Previous imaging data has 

shown that as memory load increased, the speech processing region and the phonological 

buffer region became more strongly connected, suggesting the buffer may also maintain 

contextual information (such as serial order or timing for multiple items). Although the present 

study using a single memory item has shown that the buffer regions maintained the content 

(e.g., phonological or semantic representation) being processed, it could not rule out the 

possibility that the buffer plays a role in convolving item representation with the contextual 

information. Traditional approaches make use of region-to-region synchronization to 

investigate their connections but do not take the representation into consideration. Perhaps an 
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approach combining functional connectivity and multivariate neural representation (Anzellotti 

& Coutanche, 2018) may be helpful to answer these questions.   
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Summary and Conclusions 

 

To summarize, in Experiment 1, I found that the speech processing regions (e.g., the left 

STG) showed RSA evidence of phonological coding during the encoding period of the 

phonological STM task, but not during the delay period. In contrast, the proposed phonological 

buffer region (i.e., the left SMG) showed RSA evidence of phonological retention during the 

delay period, but not during the encoding period, confirming that it was involved in maintaining 

the phonological representation. For semantic STM, I found that a region in the left IFG (i.e., the 

triangular IFG) showed marginally significant RSA evidence of semantic encoding during the 

encoding period of the semantic task, but not during the delay period. In contrast, the left 

posterior MTG, the left AG and a region in the left MFG showed RSA evidence of semantic 

retention during the delay period of the semantic task, but not during the encoding period. ROI 

analyses in the left AG suggested that this region was involved in both phonological and 

semantic STM. all of these results indicated that there were different regions involved in the 

encoding and maintenance of verbal materials, supporting a buffer account of verbal STM. It 

should be noted that the results are more equivocal for semantic STM than phonological STM. 

Because of the absence of clear evidence for semantic encoding, it is hard to tell whether 

different regions are involved in maintenance. This also makes it unclear whether the evidence 

during the delay in these regions actually reflects encoding rather than maintenance if subjects 

access the meaning of the memory word until late delay period when anticipating the 

presentation of the probe. 
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 In Experiment 2, although the speech processing region in the left STG showed RSA 

evidence of phonological storage for nonwords during the delay period, such evidence was 

absent when distractors were presented. In contrast, the proposed buffer region in the left 

SMG showed RSA evidence of phonological retention even in the presence of distractors during 

the delay period. Results of Experiment 2 indicated that the left SMG played a more important 

role in phonological STM in the face of distracting stimuli, again supporting a buffer account of 

phonological STM. The discrepancy between the presence of evidence in the left STG in this 

experiment and the absence of evidence in Experiment 1 may be due to the different materials. 

Experiment 2 used nonwords with which subjects might make more use of articulatory 

rehearsal to maintain them which automatically activated the left STG, whereas Experiment 1 

used familiar words and subjects might not have engaged in rehearsal to remember them. 

In Experiment 3, I used transcranial magnetic stimulation (TMS) to test the necessity of 

the left STG and the left SMG implicated in phonological storage from Experiments 1 and 2. A 

TMS effect on response time for a STM recognition task was observed when the left SMG was 

stimulated during the delay period, whereas stimulations at the left STG and an occipital control 

region had no effect on behavior. Results of Experiment 3 confirmed the causal role of the left 

SMG in phonological STM.  

Taken together, converging evidence from three experiments provided greater support 

for a buffer account than an embedded processes account of verbal STM. Some discrepancies 

between Experiment 1 and Experiment 2 were observed which might be due to the different 

materials used (words vs. nonwords). Also, as compared to the prior study (Yue et al., 2018) 

which employed a high memory load including multiple items, the present experiments used a 
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relatively simple STM task involving maintaining a single item, with a given item being repeated 

across trials. These manipulations are due to the use of an RSA design. These discrepancies 

should be kept in mind when interpreting results across studies. In addition to the 

representations for single items which have been uncovered in the present dissertation, future 

work is needed to test whether the buffer region is also involved in maintaining contextual 

information (e.g., serial order for multiple items in STM) and how the item representations and 

contextual information are convolved and transferred from the sensory to buffer regions.  
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Appendices 

 

Appendix A 

Behavioral results of a pilot test in Experiment 1 outside the scanner from an independent set 

of subjects. 

 

Figure S1.  Behavioral results of a pilot test outside the scanner from an independent set of six subjects: 
Average response proportion across subjects for (A) the phonological STM task and (B) the semantic 
STM task. Error bars represent the standard error of the mean. 
 

 

Figure S2.  Behavioral results of a pilot test outside the scanner for six individual subjects: Response 
proportion for (A) the phonological STM task and (B) the semantic STM task. Color indicates each 
individual. 
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Appendix B 

Behavioral results in Experiment 1 for all individuals. 

 

Figure S3.  Behavioral results of Experiment 1 for all individuals: Response proportion for (A) the 
phonological STM task and (B) the semantic STM task. Color indicates each individual. 
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Appendix C  

Constructing phonological and semantic RDMs based on different approaches 

Two additional modelling approaches (Albright & Hayes, 2003; Mueller et al., 2003), as 

well as a subjective rating from an independent set of 36 participants, were used to construct 

the phonological representation dissimilarity matrices. Procedures of two modelling 

approaches were same as the PCT method used in the main text, except for the calculation of 

the pair-wise distance. Albright & Hayes’s (A&H) approach used the same method as the PCT to 

align two words’ phonological transcriptions, but used a different phonetic feature system (i.e., 

shared natural classes) (Frisch, Pierrehumbert, & Broe, 2004) to calculate the cost function 

which minimized the distance of each pair of segments. The PSIMETRICA approach (Mueller et 

al., 2003) decomposed a word into syllables, and then decomposed a syllable into initial 

consonants, vowels, and ending consonants. Then, it performed a segment-based (e.g., initial 

consonants) alignment, and calculated the distance for each pair of segment phonemes by 

counting the mismatching phonetic features. The distance for each pair of words was calculated 

as the mean distance across all segments. For the subjective rating, subjects were instructed to 

use a five-point scale (e.g., “1” for highly similar, “5” for highly dissimilar) to rate how similar 

the sounds of each pair of words are. The order of presentations of word pairs was randomized 

across all subjects. The average rating scores across all subjects were computed as the 

phonological distances for word pairs.  

A semantic modelling approach (WordNet) (G. A. Miller, 1995) and a subjective rating 

approach from an independent set of 38 participants (different from the set of subjects who did 

the phonological rating) were used to construct the semantic representation dissimilarity 



 

 

- 148 - 

matrices. WordNet is a lexical database of English, and groups words into sets of cognitive 

synonyms termed synsets based on definitions and concepts of words. The synsets are 

organized into a hierarchical tree-like structure, with hyponym/hypernym and 

meronym/holonym relationships between terms. Using an online software 

(http://ws4jdemo.appspot.com/), a semantic similarity score was calculated as the path length 

between two words in the database network (i.e., the longer of the path length, the more 

dissimilar they are), with a range of 0 to 1 (Z. Wu & Palmer, 1994). Then the semantic distance 

for each pair of words was computed as 1 - similarity score. For the subjective rating approach, 

subjects were instructed to use a five-point scale (e.g., “1” for highly similar, “5” for highly 

dissimilar) to rate how similar the meanings of each pair of words are based on their definitions. 

The order of presentations of word pairs was randomized across all subjects. The average rating 

scores across all subjects were computed as the semantic distances for word pairs. 

As shown in Table S1, all four phonological approaches gave very similar phonological 

dissimilarity matrices in term of distance correlation across all pairs, except for a mild 

correlation between the PSIMETRICA method and the subjective rating approach. Semantic 

dissimilarity matrix from the LSA approach showed mild but significant correlations with the 

matrices from the WordNet and subjective rating approaches. WordNet and subjective rating 

showed the largest correlation among semantic approaches, because these two approaches 

were based on definitions of words. However, all phonological RDMs were unrelated to the 

semantic RDMs.      
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Table S1. Pearson correlation between the phonological matrices and the semantic matrix 

Methods Phonological methods  Semantic methods 
PCT A&H PSIMETRICA Rating LSA Wordnet Rating 

PCT 1        
A&H 0.78 *** 1       
PSIMETRICA 0.75 *** 0.62 *** 1      
Rating 0.44 *** 0.58 *** 0.15 * 1     
         
LSA 0.004 0.02 0.02 0.04  1   
Wordnet -0.05 0.03 -0.02 -0.03  0.21 *** 1  
Rating -0.08 -0.05 -0.08 0.04  0.31 *** 0.46 *** 1 
         
*** p < 0.001; * p < 0.05 

 
 

 

Figure S4. RSA results in (A) the left superior temporal gyrus and (B) the left supramarginal gyrus based 
on four approaches of estimating the phonological representation dissimilarity matrices. Graphs show 
the average similarity index (blue: Phonological CorpusTools method; orange: Albright and Hayes’s 
method; purple: PSIMETRICA method; green: subjective rating) at each time point spanning from the 
encoding period to the delay period (i.e., from the third TR to the eighth TR), with the one derived from 
the average activation pattern across the delay period (i.e., the fifth TR to the eighth TR) on the most 
right side of the x-axis.  
 

With regard to the RSA results in two phonological ROIs, all four approaches showed 

highly similar patterns, with the PCT method gave the largest effect sizes and most significant 

results (Figure S4). In the left STG, there was significant RSA evidence with the phonological 

model during the encoding period (TR=3) (PCT method: t(14)=2.46, p=0.013; Albright & Hayes 
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method: t(14)=1.87, p=0.041; PSIMETRICA method: t(14)=2.47, p=0.013; Rating: t(14)=1.92, 

p=0.038), but not during the delay period. In contrast, in the left supramarginal gyrus, there 

was significant RSA evidence with the phonological model during the delay period (TR=6: PCT 

method: t(14)=2.94, p=0.005; Albright & Hayes method: t(14)=2.25, p=0.02; PSIMETRICA method: 

t(14)=1.82, p=0.05; Rating: t(14)=2.43, p=0.01; delay.ave: PCT method: t(14)=1.87, p=0.04; Albright 

& Hayes method: t(14)=1.78, p=0.05; Rating: t(14)=3.56, p=0.002) except for using the average 

activation pattern based on the PSIMETRICA method (t(14)=0.69, p=0.3). 
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Figure S5. RSA results in six anatomical ROIs based on three approaches of estimating the semantic 
representation dissimilarity matrices. Graphs show the average similarity index (red: Latent Semantic 
Analysis method; orange: WordNet method; purple: subjective rating) at each time point spanning from 
the encoding period to the delay period (i.e., from the third TR to the eighth TR), with the one derived 
from the average activation pattern across the delay period (i.e., the fifth TR to the eighth TR) on the 
most right side of the x-axis. (A) the left angular gyrus; (B) the left posterior temporal gyrus; (C) the left 
anterior temporal lobe; (D) the opercular part, (E) the triangular part, and (F) the orbital part of the left 
inferior frontal gyri.  

 

For the semantic RSA results, the LSA and subjective rating were the two approaches 

showing the positive results some ROIs. In the left angular gyrus (Figure S5A), the rating 
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approach showed significant RSA evidence during the encoding period (TR=4, t(15)=2.35, 

p=0.016), and significant RSA evidence during the delay period when using the average 

activation pattern (t(15)=2.16, p=0.024). In the left posterior middle temporal gyrus (Figure S5B), 

the rating approach showed marginally significant RSA evidence during the early delay period 

(TR=5, t(15)=1.68, p=0.056), and significant RSA evidence during the delay period when using the 

average activation pattern (t(15)=1.91, p=0.04). In the opercular part of the left inferior frontal 

gyrus (Figure S5D), the rating and the WordNet approaches showed significant RSA evidence 

during the early delay period (TR=5, rating method: t(15)=1.89, p=0.04; WordNet method: 

t(15)=2.20, p=0.02). This evidence was not evident with the LSA approach in this posterior frontal 

lobe.  The RSA evidence was not evident with either approach in other ROIs.  
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Appendix D  

Comparing different correlation metrics used to estimate similarity between the neural and 

theoretical representation dissimilarity matrices. 

 

 

Figure S6. RSA results in (A) the left superior temporal gyrus and (B) the left supramarginal gyrus. 
Graphs show the average similarity index estimated by different types of neural-model correlation 
coefficients (blue: Spearman correlation; orange: Pearson correlation; purple: Kendall rank correlation) 
at each time point spanning from the encoding period to the delay period (i.e., from the third TR to the 
eighth TR), with the one derived from the average activation pattern across the delay period (i.e., the 
fifth TR to the eighth TR) on the most right side of the x-axis.  
 

Three different types of correlation measures (i.e., Spearman rank correlation, Pearson 

correlation, and Kendall rank correlation) were used to estimate the neural-model similarity. All 

three measures gave highly similar and consistent significance on the average similarity index 

between the neural pattern representation matrix in the phonological task and the 

phonological model matrix, but not with the semantic model matrix. As shown in Figure S6, in 

the left superior temporal gyrus, there was significant RSA evidence during the encoding period 

(TR=4) (Spearman: t(14)=2.46, p=0.013; Pearson: t(14)=2.66, p=0.009; Kendall: t(14)=2.58, p=0.011), 

but not significant over the delay period. In contrast, in the left supramarginal gyrus, there was 

significant RSA evidence during the delay period (TR=6) (Spearman: t(14)=2.94, p=0.005; Pearson: 
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t(14)=2.62, p=0.01; Kendall: t(14)=3.10, p=0.004), but not in the encoding period. When estimated 

the neural-model similarity using the average activation pattern across the delay period, 

consistent RSA evidence was observed (Spearman: t(14)=1.87, p=0.04; Pearson: t(14)=2.01, p=0.03; 

Kendall: t(14)=1.91, p=0.04).  
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Appendix E  

Conducting RSA of Experiment 1 in another two functionally defined ROIs. 

Besides the left STG and left SMG, another two regions in the left precentral gyrus 

(PreCG) and the opercular part of the left inferior frontal gyrus (IFG.oper) were created, 

because these two regions also showed both memory load effects and MVPA decoding 

evidence during the delay period. The load effects might reflect higher demand for articulatory 

process in the high memory load condition and MVPA decoding evidence might be due to 

different representation formats for articulating speech vs. nonspeech, rather than the 

phonological storage per se (Yue et al., 2018). Including these two regions could allow me to 

test if this was the case, or whether the phonological STM representation was maintained 

across the fronto-parietal regions in a distributed manner, with a more abstract component in 

the frontal lobe favoring the consequent behavioral performance (Christophel et al., 2017), 

such as the output phonological buffer (R. C. Martin et al., 1999) with which the maintained 

memory word get prepared to be retrieved to compare with the probe.  

 

 

Figure S7. RSA results in another two regions of interest defined based on a recent study on 
phonological STM (Yue et al., 2018). The graphs show the average neural-model similarity index (i.e., 
Spearman correlation coefficient) at each time point spanning from the encoding period to the delay 
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period (i.e., from the third TR to the eighth TR), with the one derived from the average activation 
pattern across the delay period (i.e., the fifth TR to the eighth TR) on the most right side of the x-axis in 
(A) the left precentral gyrus and (B) the opercular part of the left inferior frontal gyrus. 
 

In these two ROIs (Figure S7), with the TR-by-TR approach, there was no RSA evidence in 

the phonological task with either the phonological representation model or the semantic 

representation model, except for a significant similarity index (with the phonological model) at 

the eighth TR in the opercular part of the left IFG (t(14)=2.06, p=0.03) and a marginally significant 

similarity index (with the semantic model) at the seventh TR in the left precentral gyrus 

(t(14)=1.74, p=0.052). Interestingly, when estimating the neural-model similarity based on the 

average activation pattern across the delay period, both two regions showed significant 

phonological RSA decoding evidence (left PreCG: t(14)=2.31, p=0.018; left IFG.oepr: t(14)=2.37, 

p=0.016) but not for the semantic representation model (ps>0.3).  In the semantic task, Both 

the left PreCG and the left IFG.oper showed no RSA evidence with either the semantic model 

(ps>0.1) or the phonological model (ps>0.2) during either the encoding or the delay period.  
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Appendix F  

Conducting searchlight RSA with different sphere sizes 

As shown in Figure S8, searchlight analyses with different sphere size showed that the 

RSA evidence in the phonological task with the phonological model was consistently observed 

in the left anterior temporal lobe and bilateral prefrontal cortex, with a trend that the effect 

size increased as the spherical radius increased.  

 

Figure S8.  Whole brain searchlight RSA results in the phonological task with different sphere sizes.  
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Figure S9.  Whole brain searchlight RSA results in the semantic task with different sphere sizes.  

 

Similarly, in the semantic task (Figure S9), the RSA evidence with the semantic model 

was consistently observed in the left angular gyrus and the left middle frontal gyrus, with a 

trend that the effect sizes increased as the spherical radius increased. However, some clusters 

on the right hemisphere, including the right angular gyrus and the right prefrontal gyrus, 

showed a trend that the effect sizes and cluster sizes decreased as the searchlight spherical 

radius increased.   
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Appendix G 

Univariate activation analysis in two functionally defined ROIs 

 

Figure S10.  Univariate activation results in two functional ROIs: (A) the left superior temporal gyrus; (B) 
the left supramarginal gyrus. The graphs show the average signal change (%) relative to the fixation 
baseline from the onset of the memory word to the end of a trial. Color ribbons represent the standard 
error of the mean. Gray bars below x-axis represent the range from the encoding to the delay period 
within which RSA was performed. pho: phonological task; sem: semantic task; Asterisks indicate the 
significance (p<0.05) of testing the average activity against the fixation baseline.  
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Appendix H 

RSA results in four functional ROIs based on semantic STM studies 

 

Table S2. Coordinates of four small ROIs based on semantic STM 
ROIs Talairach coordinates Literature source 

MFG/IFG 1 (x=-40, y=9, z=27) Martin et al., 2003 
MFG/IFG 2 (x=-41, y=27, z=20) Hamilton et al., 2009 
MFG/IFG 3 (x=-33, y=16, z=27) Hamilton et al., 2009 
MFG/IFG 4 (x=-41, y=21, z=29) Hamilton et al., 2009 

 

 

Figure S11. RSA results in four small ROIs in the left middle/inferior frontal gyrus.  
 

Similar patterns, as compared to results in the large ROI reported in the main text, were 

observed in these four small ROIs.  Three of them showed RSA evidence for phonological 

storage during the delay period of the phonological STM task when using the average activation 
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pattern over the delay period (Figure S11A, B, D), and two of them showed RSA evidence (or 

marginally significant) for phonological encoding during the encoding period of the semantic 

STM task (Figure S11A, D). In addition to that, the left MFG/IFG1 also showed RSA evidence for 

semantic retention during the delay period of the phonological STM task when using the 

average activation pattern (Figure S11A), and the left MFG/IFG4 showed RSA evidence for 

phonological storage on two timepoints during the delay period of the phonological STM task 

(Figure S11D).  
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Appendix I 

Conjunction analysis between phonological STM and semantic STM 

A conjunction analysis was performed to examine the overlap between regions showing 

RSA evidence of phonological and semantic retention from searchlight RSA. Under the 

thresholds used in two domains, there was a small cluster in the left middle frontal gyrus 

showing RSA evidence for both phonological retention and semantic retention. Phonological 

STM and semantic STM showed different patches in this prefrontal region. Because of a lenient 

threshold was used for searchlight RSA, results should be treated with caution. 

 

Figure S12. Result of a conjunction analysis on searchlight RSAs for phonological retention and semantic 
retention during the delay period. Blue regions showed RSA evidence of phonological retention, red 
regions showed RSA evidence of semantic retention, and green region showed both. 
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Appendix J 

An illustration of the ROI in the left anterior temporal lobe (ATL) 

 

Figure S13. ROI in the left ATL consists of four parts: the anterior-most part of the superior (green), the 
middle (yellow), inferior temporal gyri (orange), and a ventral part of the temporal pole (red). 
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Appendix K 

RSA results in the left planum temporale. 

 

 

Figure S14. RSA results in the left planum temporale. 
 

In this region, there was marginally significant RSA evidence for phonological coding 

during the encoding period of the phonological task (TR=4: t(14)=1.63, p=0.06), and significant 

RSA evidence for phonological coding during the encoding period of the semantic task (TR=3: 

t(15)=1.92, p=0.04). During the delay period, there was significant RSA evidence for semantic 

coding in the phonological task (TR=7: t(14)=1.80, p=0.047). 


