
• The ventral, “what” pathway is 

specialized for spoken word 

recognition, with the AWFA in the 

aSTC selective for spoken whole 

words3, 4
.

• The dorsal, “how” stream is thought 

to subserve speech production and 

phonological processing1-3. 

Furthermore, studies have shown 

that motor regions in the dorsal 

stream, such as the PMC, are 

activated by both speech production 

and perception8, 9.

• In the dorsal stream, we previously 

reported effective connectivity from 

the pSTC to the PMC when listening 

to speech sounds, thought to reflect 

the mapping of these sounds to their 

motor articulations following the 

“inverse model”6.

• Based on our prior findings, we here 

investigated the hierarchical 

representation for spoken words in 

the pSTC and the PMC.
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• Cortical models of auditory processing1, 2 propose a dual-stream 

architecture consisting of ventral and dorsal streams, respectively.

• In the ventral stream, we have previously found lexical representations 

for auditory words in the anterior superior temporal cortex (aSTC) —

the so-called auditory word form area (AWFA)3-5.

• In addition to the ventral recognition stream, two-stream models of 

speech processing in the brain postulate that the dorsal stream is 

involved in transforming sensory (auditory speech) representations into 

motor (articulatory) representations, implementing a so-called inverse

internal model that mediates speech production learning1, 3.

• Our prior effective connectivity analyses between the posterior superior 

temporal cortex (pSTC) and the premotor cortex (PMC) support the 

existence of this “inverse model” of speech processing6. Furthermore, 

our prior studies elucidated a sublexical representation for written 

words in the pSTC7.

• We here hypothesized a hierarchical representation for auditory 

words in the dorsal stream, with a sublexical representation in the 

pSTC (paralleling our earlier finding for written words7) and a lexical 

representation in the PMC.

• To test our hypothesis, we used an fMRI Rapid Adaptation experiment 

to test for selectivity for spoken words in the pSTC and PMC regions-

of-interest (ROIs) defined individually for each subject.

• A single fMRI voxel captures activity from many neurons with possibly different selectivities. Changes in the BOLD 

signal may reflect activation of different subgroups of neurons within a voxel, and the average activation level cannot 

reveal selectivity of the underlying population (Fig. 2A)11.

• Rapidly repeating the same stimulus will activate the same population of neurons, resulting in a decrease of the BOLD 

signal. This is known as an “adaptation response” (Fig. 2B)11.

• Areas posited to contain an auditory lexicon will only show adaptation to rapid repeated presentations of the same 

spoken word (SAME). Importantly, presenting two words that differ by only a single phoneme (1PH) should 

activate distinct populations of neurons resulting in a full release from adaptation (Fig. 2C), with similar response 

as to two different words that share no phonemes. Alternatively, an area selective for sublexical representations will 

show a graded release from adaptation with increasing phonetic distance (Fig. 2C).

• Our lab has previously used fMRI-RA to study neural selectivity in both the visual12-14 and auditory5, 6, 15 domains.

Functional Architecture of Auditory Speech 

Processing

Defining Individual-subject ROIsObjective Probing Lexical Selectivity with fMRI Rapid Adaptation (fMRI-RA)

Experimental Design

Regions-of-interest (ROIs) were defined 

through contrast masking done at the first-

level analyses (SPM12).

Contrasts

• AWFA: RW vs. Silence (p<0.001, 

uncorrected) masked by the contrast of 

RW vs. Scrambled Words (p-FDR<0.05).

• PMC & pSTC: RW & PW vs. Silence 

(p<0.001, uncorrected) masked by the 

contrast of RW & PW vs. Scrambled 

Words (p<0.05, uncorrected).

ROI clusters and sizes: Thresholds were 

adjusted to obtain clusters closest to the 

literature coordinates that were between 

10 and 50 voxels.

• AWFA reference (MNI: -61, -15, -5)3

• PMC reference (MNI: -50, -6, 47)8

• pSTC reference (MNI: -56, -46, 10)7
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• Significant adaptation effects for RWs in the PMC (Fig. 5A).

• SAME vs. DIFF: p=0.005; SAME vs. 1PH: p<0.001

• No significant differences between 1PH and DIFF, p=0.547, indicating full release 

from adaptation already for two words differing by a single phoneme.

• No adaptation effects for PWs in the PMC.

• Our results for RWs in the PMC replicate the adaptation patterns for the AWFA (Fig. 5B) 

in the anteroventral stream.

• Gradual release from 

adaptation in the pSTC for RW 

(Fig. 6), compatible with a 

sublexical representation.

• SAME vs. 1PH: p<0.001

• 1PH vs. DIFF: p=0.021

• SAME vs. DIFF: p<0.001)

Lexical Representations in the PMC and AWFA

Sublexical Representation in pSTC

Fig 6. Neural selectivity for spoken words in the pSTC. RW = Real Words, PW = Pseudowords. 

p* < 0.05, p** < 0.001, NS = not significant (p ≥ 0.05). Error bars indicate within-subject SEM.

Fig 5. Neural selectivity for spoken words in the A. PMC and the B. AWFA. RW = Real Words, PW = Pseudowords. 

p* < 0.05, p** < 0.001, NS = not significant (p ≥ 0.05). Error bars indicate withing-subject SEM.

Fig 4. Reference locations to create individual-subject ROIs 

using the auditory word localizers. AWFA: auditory word form 

area, pSTC: posterior superior temporal cortex, PMC: 

premotor cortex. Literature coordinates used as reference 

points are marked with a white dot.

Figure 3: Rapid adaptation and Auditory Localizer Experimental Paradigms. A. Slow clustered acquisition 

paradigm used in the auditory localizer scan. B. Rapid clustered acquisition paradigm used for the RA scans. 

Each trial was 3.36s long and consisted of a 1.68s silent period, preceded by 1.68s stimulus presentation period 

during which the word pairs were presented. The first word acted as a prime and the second word as the target, 

which corresponded to one of the three conditions (i.e., SAME, 1PH, or DIFF). C-D. Example trials for Real 

Words (RW) and Pseudowords (PW), respectively. Figure adapted from Damera et al. (submitted)5.

Subjects: 26 right-handed English 

speakers (12 females). Ages 18-34.

Auditory word localizer (Fig. 3A)

• Task: One-back. Participants 

responded with a button press if 

any of the 4 stimuli in a short 

block was a repeat.

fMRI-RA Experiment (Fig. 3B-D)

• Task: Oddball detection. Subjects 

were asked to attend to all the 

words and respond when they 

heard the oddball stimulus (RW or 

PW containing the rime ‘-ox’ e.g., 

“socks”)

• Conditions:

• SAME – Subject hears the 

same word twice.

• 1PH – Two words that differ by 

one phoneme.

• DIFF – Two words that share 

no phonemes.

Acquisition Parameters:

• 3T Siemens Prisma-fit scanner 

with a 64-channel head coil.

• Auditory word localizer: TR = 9s, 

TA = 1.68s

• fMRI-RA: TR = 3.36s, TA = 1.68s

• Activation in the PMC follows similar adaptation 

patterns to the AWFA—adaptation to the same 

word, and a complete release from adaptation when 

the two words differ by just a single phoneme, only 

for RW and not for novel PW. These findings support 

the existence of a spoken word lexicon in both the 

AWFA in the aSTC and the PMC.

• In contrast, we find a graded release from 

adaptation in the pSTC, which is compatible with a 

sublexical representation.

• In conjunction with our cross-modal functional 

connectivity analyses between the reading and 

auditory speech systems16 and the effective 

connectivity from the pSTC to the PMC from our 

prior SEM analyses6, our findings support the 

proposed “inverse model” in the dorsal auditory 

stream along a hierarchy—starting with sublexical

representation in the pSTC and culminating in an 

auditory lexicon in the PMC.

Figure 2: Illustration of the Rapid Adaptation effect. Krekelberg et al. (2006)11 illustrates neural responses when A. a different stimulus or B. the same 

stimulus is rapidly presented C. Hypothesized adaptation patterns that reflect neuronal populations with a lexical or sublexical representation for spoken 

words. Asterisks indicate significance. NS = not significantly different..
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processing from Rauschecker & Scott 

(2009)1 with the AWFA included (dark red 

circle). AWFA location based on B. DeWitt 

& Rauschecker (2012)3.
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