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A central goal of the substance-free phonology (SFP) framework is to identify how much abstraction
from phonetic detail is present in human phonological representations. One large challenge,
however, is identifying clear neurophysiological evidence for such abstract representations,
largely because phonological properties often correlate with auditory cues, making it difficult to
unambiguously assign explanatory credit. In this article, we update an earlier chapter (Monahan
et al. 2013) by (1) providing essential background on current methodologies and experimental
paradigms, (2) reviewing empirical findings from the past decade, (3) outlining key remaining
challenges, and (4) highlighting promising directions for future research.
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1 Introduction

Establishing unequivocal neural evidence for latent, abstract mental speech sound representations
is a formidable challenge (Gershman & Niv 2010; Monahan 2018), largely because phonological
properties often correlate with auditory cues. That is, there are generally lawful relationships
between auditory cues and the resulting induced phonological representations. This is especially
important for the substance-free phonology (SFP) program, whose principal aim is to identify
how much abstraction from phonetic detail is present in human phonological representations
and computations (Reiss 2017; Chabot 2024). Beyond the phonology literature, debates
persist regarding the fundamental perceptual units of speech (Kazanina et al. 2018; Samuel
2020), and formulating plausible linking hypotheses between language and brain function is
far from a trivial task (Embick & Poeppel 2015; Poeppel & Embick 2017; Poeppel & Idsardi
2022). Nonetheless, phonology may be the most tractable domain for establishing such linking
hypotheses with cognitive neuroscience, given its close ties to the sensory-motor system and our
detailed understanding of the physical properties of speech, the mammalian ascending auditory

pathway, and auditory cortex (Poeppel et al. 2008).

Even invasive electrocorticographic (ECoG) research, which highlights the necessity of
labels for characterizing auditory cortical encoding (Mai et al. 2024), falls short of providing
clear evidence for abstract phonological representations. Somewhat unexpectedly, non-invasive
methods may offer better insights into such abstractions. Mismatch negativity (MMN) paradigms
(Naatéanen et al. 2019) suggest that the brain encodes phonetic features (Phillips et al. 2000;
Kazanina et al. 2006; Hestvik & Durvasula 2016) and can extract latent, abstract, and consistent
features from category-varying standards (Fu & Monahan 2021). The strongest support for abstract
features comes from MMN findings showing that the brain can integrate disparate auditory cues
into a unified phonological percept. To date, the clearest example involves English obstruent
“voicing”, where a temporal cue, that is, plosive voice onset time, is combined with a spectral cue,
that is, fricative low-frequency periodicity (Monahan et al. 2022; Politzer-Ahles & Jap 2024). Still,
the number of test cases is limited, and it remains unclear whether such cue integration across

manner classes reflects a general mechanism for perceiving unified, abstract, latent features.

The problem is not intractable; however, the remaining challenges are considerable. To
answer whether features are phonetically grounded or substance-free with neurobiological
measures requires a) methodologies that permit precision sampling of the temporal and spatial
neurophysiological dynamics in tandem, b) an established set of paradigms that faithfully tap
into specific levels of linguistic representations (Idsardi & Poeppel 2011; Monahan 2018) and
c¢) established linking hypotheses between the brain and linguistic representation (Embick &
Poeppel 2015; Poeppel & Embick 2017). It is important to remember that imaging methods are
nascent (<100 years old), and extant techniques that do offer simultaneous temporal and spatial
precision require surgery. Furthermore, many paradigms fail to differentiate whether phonetic

or phonological representations are accessed, rendering underdetermined whether distinctive



features are grounded or substance-free. These methodological and paradigm issues motivate our
extensive methodological review. Finally, the absence of established linking hypotheses often
renders neural evidence difficult to interpret. Putatively temporal differences are sometimes
observed as spatial contrasts and vice versa (Howard & Poeppel 2009; Fox et al. 2020). As
an example, linking hypotheses for how distinctive features are neurally encoded are largely
unknown. Vowel height has been shown to be both spatially (Obleser et al. 2006; Scharinger et al.
2011; Mesgarani et al. 2014; Manca et al. 2019; Oganian et al. 2023) and temporally encoded
(Roberts et al. 2004; Monahan & Idsardi 2010), complicating monothetic interpretations and
implying a spatial-temporal coding of unknown character. Table 1 presents an assessment of the

current state-of-knowledge and outstanding challenges.

Five things we know:

1. Ascending auditory pathway performs increasingly abstract analyses of sound signals
generally. This is also true in phonology, entailing at least some substance-free
representations and computations.

2. Predictive brain mechanisms allow for change detection experiments, providing a
paradigm that allows for testing different levels of linguistic representation.

3. Phonetic categories are spatially and temporally coded in superior regions of
temporal cortex. More abstract phonological categories appear to localize to areas
posterior to phonetic category areas.

4. Naturalistic, large datasets can be built and tested using forced alignment between
the phonetic signal and temporal brain responses.

5. Brain disjunctively combines distinct phonetic cues into unitary abstract
phonological features.

Five significant challenges:

1. No adequate linking hypotheses exist between ontological primitives in linguistics
and neuroscience.

2. Evaluative criteria for assessing linking hypotheses are also lacking. Progress in
language lacks considerably behind other sensory domains (e.g., olfaction).

3. Need novel methods with enhanced spatial and temporal precision, as well as
paradigms that can selectively tap distinct levels of speech sound representations.

4. Need comprehensive multi-language datasets with shared experimental designs to
facilitate meta-analyses to reveal language-particular abstract entities.

5. Clear statements of the relationship between auditory observables and abstract
entities in substance-free phonology proposals need to be proposed and refined.
This will facilitate the construction of linking hypotheses between phonology and
the brain and allow for testing more sophisticated questions germane to substance-
free phonology.

Table 1: Current knowledge and challenges in our understanding of phonological abstraction
and substance-free phonology in the context of the neurobiology.



Here, we update our earlier overview of neurological, brain imaging, and neurophysiological
methodologies (Idsardi & Poeppel 2011; Monahan et al. 2013). We then review empirical findings
from the past decade that suggest that the brain does support abstract phonological features, a
conclusion integral for the suitability of substance-free phonology approaches. Next, we outline
key unresolved challenges and conclude by identifying promising directions for future research.
The current review is limited to the auditory channel, leaving aside questions of the interface

between the motor-system and phonology.

2 Methodologies

The development of both descriptive and generative phonological grammars has traditionally
relied on acceptability judgments and fieldwork techniques as primary modes of data collection.
In contrast, behavioural psycholinguistics has introduced a wide array of experimental tasks
designed to probe the cognitive mechanisms underlying speech perception (Grosjean &
Frauenfelder 1996). Common dependent measures for behavioral tasks include reaction times,
accuracy rates, and standardized discriminability scores (e.g., d’; see Macmillan & Creelman
2004 for a review). Cognitive neuroscience methods remained generally underutilized in
phonological research; as such, we previously outlined key technologies relevant to the field
(Monahan et al. 2013). As emphasized there, no single methodology is inherently superior; each
has unique advantages and limitations. The choice of method is to be guided by the specific

research question. Here, we present an updated overview of common, available methodologies.

From the initial diagnoses of Broca and Wernicke aphasias (Broca 1865; Wernicke 1874)
until the final quarter of the twentieth century, patient research was primary to understanding
the brain basis of language. Internal vascular hemorrhages, traumatic brain injuries or slow,
progressive degenerative brain diseases that affect specific left hemisphere regions can result in
communication deficits (Dronkers & Baldo 2009). A range of assessments and tasks are used to
assess the type and degree of linguistic deficit experienced by the individual (Salter et al. 2006).
Similar performance on tasks that are assumed to be distinct suggests that the same brain region
may be involved in both, even before specific regions are identified. In contrast, performance

differences between two tasks indicate that each task likely engages separate brain areas.

Careful patient work resulted in detailed neuroanatomical models of the language network,
including a meticulous classification of aphasia types and the concomitant linguistic deficits with
specific lesion sites (Lichtheim 1885; Geschwind 1970). As we noted in 2013, a key advantage
of neuropsychological studies is their ability to support limited causal inferences. In contrast,
the absence of activity in a brain region observed through modern neuroimaging may simply
reflect the limited sensitivity of the technique, rather than a lack of involvement of a particular
brain region; conversely, activity observed through modern neuroimaging may merely reflect

neurophysiological processes that correlate with the cognitive function of interest.



Before the advent of modern neuroimaging techniques, affected brain regions could only
be identified through post-mortem autopsy. Now, structural magnetic resonance imaging (MRI)
and computed tomography (CT) permit lesion localization in vivo. Voxel-based lesion-mapping
allows for the establishment of a relationship between tissue damage and behaviour (Bates et al.
2003; Dronkers et al. 2004; Karnath et al. 2018), and convolutional neural networks segment
and classify anatomical regions and lesion sites (Bernal et al. 2019). This approach, however,
rests on the assumption of a relatively modular anatomical architecture, despite evidence that
cognitive functions are supported by distributed neural networks (Hickok & Poeppel 2007;
Lau et al. 2008; Binder et al. 2009; Hickok 2009; Scott 2019). Additionally, brain lesions are
frequently diffuse and not confined to discrete functional regions, which themselves exhibit
considerable inter-individual anatomical variability (Gentry et al. 1988). Finally, perilesional
tissue is often subject to functional reorganization, further obscuring the relationship between
localized damage and cognitive outcomes (Rorden & Karnath 2004). Furthermore, effective use
of the lesion method requires a detailed understanding of the knowledge and processes recruited
by patients to execute the task: Misunderstandings of the task have led to erroneous conclusions
about the neural substrates of phonological processing (Hickok & Poeppel 2004). Limited sample
sizes, combined with the heterogeneity of brain lesions and the variability in patient deficits,

pose significant challenges to drawing generalizable conclusions about the broader population.

Over the past five decades, there has been remarkable progress in the real-time imaging and
measurement of the human brain in healthy individuals. The late 1960s and early 1970s marked
the advent of key neuroimaging technologies, including positron emission tomography (PET),
magnetic resonance imaging (MRI), and magnetoencephalography (MEG). These innovations
significantly broadened both the scope of testable populations and range of research questions that
can be empirically addressed. Inquiries into the spatial and temporal dynamics of neurocognitive
functioning can now be examined in vivo, across diverse linguistic and demographic groups.
Contemporary methodologies in cognitive neuroscience are generally categorized by what they
measure: blood flow (hemodynamic) or electrical impulses (electromagnetic). This classification
reflects the distinct biological processes each technique measures. Hemodynamic approaches (e.g.,
functional MRI, some forms of PET) assess changes in blood flow (tracking increased oxygen or
glucose) throughout the brain, providing insights into where cognitive processes localize in the brain.
In contrast, electromagnetic techniques (e.g., MEG, ECoG, EEG) capture fluctuations in the brain’s
electromagnetic fields, offering a measure of when a cognitive process occurs. Hemodynamic
methods typically offer superior spatial resolution, enabling precise localization of brain regions
engaged during specific cognitive tasks. Electromagnetic methods, by comparison, excel in temporal
resolution, allowing researchers to track the timing of neural processes with millisecond precision.
That said, some electromagnetic techniques offer superb (e.g., ECoG) or very good spatial resolution

(e.g., MEG), and advances in sampling the hemodynamic response have improved the temporal



resolution of fMRI (Yang & Lewis 2021). Despite such advances, researchers still need to assess
whether their research questions can be answered in a primarily spatial or primarily temporal
fashion. Or, if they have access to a limited variety of methods, to try to align their research

questions with the available spatial and temporal resolutions of their experimental equipment.

2.1 Electromagnetic methodologies

As noted above, electromagnetic techniques measure changes in electrical voltage or their
associated magnetic fields. In 1925-1926, Hans Berger, the German psychiatrist, developed
the first electroencephalogram, measured faint cortical oscillations using clay electrodes placed
on the scalp, connected to a string galvanometer on photographic paper (Berger 1929; Millett
2001). This was the first time that brain function was measured in real-time from outside the
human head, unlocking the potential for the technological advances witnessed throughout the

rest of the twentieth century.

Electroencephalography (EEG) is a safe, non-invasive, comparatively inexpensive method
that measures changes in electrical voltages from the scalp. Protocols typically require placing
an elastic cap that holds electrodes on the participant’s head, although alternative EEG
configurations exist (e.g., geodesic EEG systems). These electrodes are often made of a metal
(e.g., tin, platinum, silver-silver chloride), whose physical connection between to the scalp is
facilitated by the application of an electrolyte gel or aqueous solution. EEG does not measure
momentary or extremely local neural events (e.g., action potentials). Instead, the biological origin
lies in the secondary or volume currents generated by post-synaptic potentials of pyramidal
neurons, primarily located in the grey matter. The synchronized activity of several tens of
thousands of neurons generates a post-synaptic potential large enough to be observable from
outside the scalp. The voltage difference between each scalp electrode and a reference electrode
(e.g., mastoid, earlobe) is recorded. The signal-to-noise ratio, like most cognitive neuroscience
methods, is poor, requiring the presentation of dozens to hundreds of exogenous stimuli (e.g.,
auditory, visual) to obtain robust and interpretable EEG responses. In the cognitive neuroscience
of language literature, the most common analysis involves averaging the continuous EEG time-
locked to the onset of the stimulus, obtaining an evoked or event-related potential (ERP). The
ERP is the weighted sum of underlying electrical sources of brain activity, with different spatial
and temporal dynamics. As such, directly inferring underlying brain activity from scalp-level
responses is not straightforward (Luck 2014). Peaks that recur in the ERP waveform under
similar testing conditions are identified, labeled and routinely assigned functional significance
(e.g., the N400 reflects semantic integration (Lau et al. 2008)). The amplitude and latency of
these ERP components are common dependent variables that are compared across experimental
conditions. Only neurophysiological activity phase locked to stimulus onset survives in an

ERP analysis procedure. Unaligned information is then attenuated by the averaging process.



An alternative approach involves calculating the oscillatory power of the EEG signal. When
neural ensembles synchronize their firing patterns, they generate large-scale oscillatory activity
which can be detected at the scalp. These oscillations often arise from feedback interactions
among neurons and may reflect ensemble-level dynamics that are not evident at the level of
individual neurons. To estimate oscillatory power, a time-frequency decomposition (i.e. a neural
spectrogram) is performed on each trial and then averaged across trials within each experimental
condition. Unlike ERP analyses, this method preserves induced activity—EEG signals that are not
phase-locked to stimulus onset—providing a richer view of neural dynamics. Power at different
frequencies is labeled (i.e., 8-band: 1-4 Hz; 0-band: 4-7 Hz; a-band: 8-12 Hz; 3-band: 13-30 Hz;
y-band: 30-70 Hz) and routinely ascribed functional significance (e.g. 6-band tends to track the
speech amplitude envelope). More advanced analysis methods of induced EEG activity include
inter-trial phase coherence, inter-channel phase synchrony (Morales & Bowers 2022) and various
connectivity analyses in the frequency domain (Chiarion et al. 2023). More recent analytic
techniques include fitting temporal response functions to EEG (Gillis et al. 2021; Lindboom
et al. 2023) and MEG (Brodbeck et al. 2018; Gwilliams et al. 2018; 2022; 2024) data while

participants listen to continuous speech.

EEG is widely used for good reason: It is non-invasive, relatively inexpensive, and boasts
superb temporal precision, an important feature for measuring the complex, fast dynamics of
human speech and language. EEG analysis methods are generally less computationally intensive
than those used in fMRI and MEG and tend to be more standardized than those used in MEG.
This, along with the lower cost, lowers the barrier to entry for new researchers. With adequate
statistical power, it is possible to detect temporal differences on the order of a few tens of
milliseconds. On the downside, the application of electrolyte gel to the scalp is time- and labor-
intensive; however, advancements in active electrode and dry-electrode technologies have
significantly reduced preparation time. Moreover, several commercially available, research-grade
EEG systems are now portable, enabling data collection outside the laboratory and facilitating
research with populations that are otherwise difficult to access, being able to record without
needing magnetically shielded enclosures makes EEG the only current method viable for use in
the field. A well-documented limitation of EEG is its poor spatial resolution, which restricts the
ability to reliably localize changes in neural activity. The conductive properties of the skull and
surrounding tissues (e.g., cerebral spinal fluid, scalp) distort the signals generated by the brain.
High-density electrode arrays can enhance spatial resolution (Michel & Brunet 2019); however,
when the research question centers on the precise localization of cognitive processes within the

brain, other neuroimaging modalities offer superior spatial resolution.

Electrocorticography (ECoG) is a type of intracranial electroencephalography. Electrode
grids are placed directly onto the cortical surface after a craniotomy. ECoG is highly invasive

and limited to presurgical patients only, typically individuals being treated for severe epilepsy



symptoms which have resisted other treatments. ECoG dates to the 1950s, when Wilder Penfield
and Herbert Jasper developed the surgical technique to localize the sources of epileptic activity
for later surgical removal. Like EEG, the physiological basis of the ECoG signal is synchronized
post-synaptic potentials in pyramidal neurons located in the outer layers of cortex. As such, ECoG
offers an extremely high temporal resolution. Unlike EEG, however, ECoG better captures higher
frequency oscillatory activity (e.g., high y-band: >70 Hz) and offers excellent spatial information
due to the electrode grids being placed directly on the surface of the brain, down to 1-100 um in
resolution (Fallegger et al. 2021). There are two principal disadvantages to highlight. First, due
to the invasive nature of the technique, the available population is limited and neurologically
divergent, and experiments are typically conducted on small samples (e.g., <10 participants).
Second, while ECoG offers superior spatial resolution to EEG, this resolution is largely limited
to cortical regions whereupon the electrode grid has been placed (Dubey & Ray 2019), which
depends on each patient’s neurological diagnosis; EEG, on the other hand, measures activity
from most of cortex. In addition to these disadvantages, it is also important to note the myriad
of ethical considerations involved in conducting ECoG for research purposes, given the sensitive
nature of the population and methodology (Chiong et al. 2018).

The physiological bases of EEG and magnetoencephalography (MEG) are closely intertwined.
EEG captures voltage changes resulting from secondary currents, whereas MEG detects magnetic
fields produced by primary currents generated by post-synaptic potentials in pyramidal neurons,
predominantly located in the superficial layers of the cortex. All electrical currents produce
magnetic fields that rotate perpendicularly to the direction of current flow, following the right-
hand rule, also known as Oersted’s or Ampére’s Law. When the primary current flows tangentially
to the scalp, such as within a cortical sulcus, the resulting magnetic field can be measured outside
the head using superconducting quantum interference devices (SQUIDs), which operate within a
cryogenic environment maintained by liquid helium. Radially oriented dipoles, those originating
in cortical gyri, produce magnetic fields that MEG cannot detect. Consequently, MEG is considered
blind to radial dipoles and is sensitive only to tangentially oriented dipoles. In contrast, EEG
can detect dipoles regardless of their orientation; however, EEG is more vulnerable to signal
cancellation when sources with opposing orientations are simultaneously active, resulting in
a net zero signal at the scalp. Similar experimental paradigms are often employed in MEG and
EEG studies. The evoked response field (ERF) is the magnetic equivalent of the ERP, and MEG
components are often denoted with an “m” (e.g., M100, instead of the N1; MMNm instead of
the MMN). In addition to the range of evoked and induced analysis techniques that are possible
with both EEG and MEG signals, MEG also allows for more accurate estimations of the spatial
characteristics of the neurophysiological activity. The principal advantage of MEG relative to

EEG is that these magnetic fields are impervious to the intervening biological tissue between



the electrical activity in the brain and the sensors. Two broad classes of spatial estimation
techniques, single-source estimations (e.g., equivalent current dipole (ECD)) and distributed

source estimations (e.g., minimum-norm estimates (MNE)).

Like EEG, MEG is silent, safe and non-invasive. Compared to EEG, MEG participant preparation
is typically faster and more comfortable. As noted above, the SQUID sensors must be thermally
insulated in a liquid helium-filled dewar to take on superconducting qualities. This means that
the sensors are not directly attached to the participant’s scalp, as they are in EEG. Thus, tracking
the participant’s head movement throughout a testing session is necessary. Although source
localization in MEG is generally more accurate than in EEG, it remains a computationally ill-
posed problem with too many possible solutions. Current methods are still poorly understood in
scenarios involving multiple simultaneously active sources. Accurate localization also requires
a separate structural MRI, adding both cost and complexity to MEG studies. The primary
drawback of MEG is the start-up and operating expenses. A new, complete MEG system can
cost between $4,000,000 and $6,000,000, multiple orders of magnitude more expensive than
a new EEG system. A considerable part of this cost is the magnetically shielded room. SQUID
sensors are extremely sensitive to environmental magnetic noise, and as such, require shielding
from electromagnetic sources that are present in the surrounding environment. Moreover, liquid
helium evaporates and must be replenished. In the past, this entailed the weekly delivery of
liquid helium to the laboratory, an additional expense of approximately $200,000 per year at
$40/Liter. Natural helium, however, is extraordinarily scarce in the environment and subject to
persistent supply-chain disruptions (Anderson 2018). In response, there has been development
of helium-recycling and recovery systems that reclaim the evaporated helium gas, as well as
optically-pumped magnetometers (OPM-MEG), that do not rely on cryogenics and offer other
advantages (Brookes et al. 2022) but still require magnetic shielding. We anticipate increased
use of OPM-MEG systems as the technology matures, although general adoption is probably a

decade or more away.

While EEG and MEG passively measure electromagnetic activity in the brain, other non-
invasive electrophysiological methods actively modulate neural activity. Transcranial magnetic
stimulation (TMS) uses magnetic fields, while transcranial direct current stimulation (tDCS)
applies weak electrical currents. These techniques use coils or electrodes, respectively, to induce
electrical currents in the brain. These methods are used clinically to treat depression and other
psychiatric disorders (Gershon et al. 2003). These technologies have not been as widely applied
to questions of phonological representations; instead, they are typically used to assess the role of
motor cortex in speech perception (D’Ausilio et al. 2009; Moéttonen & Watkins 2012; Murakami
et al. 2013; Adank et al. 2017).
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2.2 Hemodynamic methodologies

The foundations of modern brain imaging date to the late nineteenth century. In the 1880s,
Italian physiologist Angelo Mosso developed the human circulation balance, a device that would
allow him to show that cognitively demanding tasks increased cerebral blood flow (Mosso 2014;
Sandrone et al. 2014). By 1890, it was established that brain activity was linked to localized
changes in cerebral blood flow (Roy & Sherrington 1890). Positron emission tomography (PET)
scanners were developed in the 1970s and measure metabolic activity in the brain via the
injection of radioactive tracers into the bloodstream. While PET was employed in some of the
earliest imaging tests of speech perception (Petersen et al. 1989; Sergent et al. 1992; Zatorre
et al. 1992; see Poeppel 1996 for a critique), the relative ubiquity of MRI machines and moderate
invasive nature of PET caused it fall out of favour. Although early water-cooled PET systems
did have a distinct advantage in that the acquisition of the signal was nearly silent (Talavage
et al. 2014), modern systems are air-cooled and incorporate computerized tomography (CT)

equipment, making the background noise much louder (Speck et al. 2021).

fMRI has become the leading method for investigating where cognitive functions occur in
the brain. Different tissues and biological substances have distinct magnetic properties, which
magnetic resonance imaging (MRI) can detect to produce detailed images of brain anatomy. The
most common dependent measure in fMRI is the blood-oxygen-level-dependent (BOLD) signal.
When a brain region becomes metabolically active, it undergoes changes in blood oxygenation.
Specifically, there is an increase in oxygen-rich blood (oxyhemoglobin) and a corresponding
decrease in oxygen-poor blood (deoxyhemoglobin). This reduction in deoxyhemoglobin
decreases magnetic field distortions, resulting in an increase in the BOLD signal. Unlike PET,
which requires the injection of radioactive tracers that circulate through the brain, fMRI is
entirely non-invasive and considered safe for human use, at least within typical magnetic field

strengths. Extremely high field strengths (> 3T) are rare in human studies.

Unlike EEG and MEG, fMRI provides a direct and spatially precise measure of magnetic
susceptibility across the brain. EEG and MEG rely on models for spatial localization, limiting their
accuracy. Despite fMRI’s superior spatial resolution, it has notable drawbacks. First, the BOLD
signal reflects blood flow, which is slow, peaking 3-6 seconds after stimulus onset. This limits
fMRI’s ability to capture fast, dynamic processes like language comprehension. Additionally,
the link between BOLD signals and neural activity is complex and not fully understood. Factors
such as nearby blood vessels and the balance of excitatory versus inhibitory activity can
complicate interpretation (Sotero & Trujillo-Barreto 2007; Aksenov et al. 2019; Moon et al.
2021). Language studies face another challenge: the shifting magnetic gradients that are required
for imaging create loud noise that can interfere with auditory stimuli delivery. Practically, fMRI
requires expensive equipment and strict safety protocols, so scanners are typically housed in

large institutions, and scanning costs can be high (~$500/hour). Finally, fMRI data analysis is



computationally demanding and less intuitive than ERP analysis, but it is more standardized and
better documented than MEG analysis (Poldrack et al. 2011).

The final method is functional near-infrared spectroscopy (fNIRS), a hemodynamic technique
that uses infrared light to detect changes in blood oxygenation. It shares a similar biophysical
basis with fMRI, and its signal has been shown to correlate with the BOLD response (Buxton
et al. 1998; Wijeakumar et al. 2017). While fNIRS event-related designs with adults is relatively
rare (Defenderfer et al. 2017), it is quite suitable for work in the developmental sciences (Wilcox
& Biondi 2015) and has been shown to be an effective method to study language-specific
phonological processing in infants potentially due to their relatively thinner skulls (Minagawa-
Kawai et al. 2007).

3 Testing theories

Testing linguistic theory using behavioral and cognitive neuroscience methods presents
significant challenges. Often, linguistic theories fail to yield hypotheses that are directly testable
with these paradigms. In other cases, the necessary methodological and analytical precision is
lacking. While neuroimaging has seen remarkable innovation over the past several decades, and
computational models of auditory functions have become increasingly sophisticated (e.g., Grothe
2003), theoretical advances in phonology have largely developed in parallel: Phonological theory
and cognitive neuroscience are pursued almost entirely exclusively of one another. Meaningful
interdisciplinary integration requires the formulation of linking hypotheses, grounded in clearly
defined ontological primitives of both phonological theory and neuronal function (Embick &
Poeppel 2015; Poeppel & Embick 2017).

As noted in the Introduction, there are no linking hypotheses at present to sketch. Progress
requires establishing the computational theory, the relevant representations and algorithms, as
well as the hardware implementation (Marr 1982). We can look toward models of the olfactory
system wherein both the neural circuitry and ontological sensory primitives are defined and
linked (Murthy 2011; Giessel & Datta 2014); alternatively, closer to the current domain, the
neural coding of interaural time delays in mammalian and aviary auditory systems to solve
clearly defined computational theory (Grothe 2003). Our current understanding is that phonetic
categories are both spatially and temporally coded, providing headway into questions of hardware
implementation and potentially, the representations, which as we outline below, are currently

better assessed using high-temporal, non-invasive methodologies.

3.1 Spatial localization

The neurophysiological architecture of speech processing is bilateral and distributed, integrating
sensory and motor systems with core linguistic computation and can support abstract linguistic
representations (Kazanina et al. 2006; Okada & Hickok 2006; Obleser & Eisner 2009; Okada et al.

1
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2010; Poeppel et al. 2012; Gwilliams et al. 2025). Superior Temporal Sulcus and STG are posited
to be the locus for encoding phonetic categories. In Hickok & Poeppel (2007), phonological
processing localized to bilateral STS, mediating bidirectional connections with low-level acoustic
phonetic processing in STG and lexical processing in MTG, along the ventral stream. Syllable and
word-related phonetic and phonological codes have been posited in middle pSTG and dorsal STS
(Hickok 2025), although other models place the locus of phonetic and phonological encoding
anterior to primary auditory cortex (DeWitt & Rauschecker 2012). That said, left inferior frontal
regions and not superior temporal regions have been implicated in phonetic category invariance
(Myers et al. 2009). Further, and perhaps contrary to the ECoG and MEG literature, left MTG
and left angular gyrus (i.e., region just posterior to Wernicke’s Area) have been reported in fMRI
to underlie the mapping between low-level acoustics and phonetic categories (Blumstein et al.
2005). Auditory speech processing is largely bilateral until contact with the lexicon is made (i.e.,
MTG), at which point, neurophysiological activity is largely left-lateralized. See Figure 1C for
sketch of the left hemisphere regions typically implicated in auditory, phonetic, phonological
and lexical processing and representation. Moreover, the MMN was initially localized to regions
adjacent to primary auditory cortex (Aulanko et al. 1993), although more recent designs that aim
to capture more abstract phonological representation ultimately elicit MMN responses that reach
maximum amplitude later than is typically observed (Fu & Monahan 2021; Monahan et al. 2022;
Politzer-Ahles & Jap 2024); this potentially suggests that the locus of phonological computations

may be more distributed and further from primary auditory cortex.

fMRI studies have revealed that broader phonetic contrasts (i.e., voicing, manner, and place)
show distributed activation patterns in bilateral superior temporal cortex, with left perisylvian
regions selectively coding place and voicing, and right posterior lateral fissure coding manner
(Arsenault & Buchsbaum 2015; see their Figure 7 for a visualization of the overlapping and non-
overlapping regions that encode these broad class features), and place of articulation and voicing
activate distinct bilateral regions in the superior and medial temporal lobes (Lawyer & Corina
2014). Cortical regions along the dorsal pathway, including auditory, sensorimotor, and motor
areas, support generalization of place discrimination from stops to fricatives, implicating motor
involvement in speech perception (Correia et al. 2015). Phonetic categories appear to be spatially
coded. Using non-invasive methods, more anterior vowels localize to more anterior regions of
STG (Obleser et al. 2003; 2004), although other reports indicate that five vowel systems spatially
organize in accordance with the vowel trapezoid in auditory cortex (Manca et al. 2019). More
complex mappings, for example 2 X 2 X 2 vowel systems (e.g., Turkish), spatially organize

along orthogonal vowel maps in auditory cortex (Scharinger et al. 2011).

Since 2014, there has been considerable excitement over the potential of ECoG to elucidate
the neurophysiological encoding of speech sounds (see Yi et al. 2019 for a programmatic review).

Mesgarani et al., (2014) observed that human left STG spatially codes distinct phonetic classes,
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Figure 1: (A) Schematic of a mismatch negativity (MMN) auditory oddball paradigm. A series
of standard tokens is auditorily presented and interrupted by the occasional deviant stimulus
that differs from the standard along some physical, perceptual, or representational dimension.
The evoked brain responses to standard (blue) and deviant (red) trials are extracted from the
continuous electroencephalography (EEG) signal (frontocentral electrode Fz is presented)

and averaged together on a condition-by-condition, channel-by-channel basis. (B) Channel
locations from a standard 32-channel EEG electrode array and a sample standard and deviant
response in an MMN oddball paradigm. The event-related potential (ERP) response to the
deviant (red line) and standard (blue line) stimuli at electrode Fz is provided. The response

to the deviant is more negative in the 150-250-ms time window; the difference between the
standard and deviant responses is shaded in gray. (C) Some principal areas implicated in

the neurobiological network for speech perception and spoken word recognition. Figure and
caption reprinted from Monahan (2018).

largely based on manner of articulation. Moreover, neuronal populations in left STG are tuned
to the first (F1) and second (F2) vowel formants (Oganian et al. 2023), voice onset time (VOT;
Fox et al. 2020), and tone contrasts (Li et al. 2021). While impressive, this work does not isolate
phonological levels of representation and instead often confounds with phonetic cues. Moreover,
it is unclear how the ECoG results reconcile with the spatial maps obtained via non-invasive
techniques described in the preceding paragraph. The principal challenge is an accurate spatial
map of superior temporal cortex functions as each method has its limitations: MEG lacks adequate
spatial precision, fMRI lacks adequate temporal resolution, and ECoG requires aggregation across
multiple patient datasets.

To attempt to disentangle the acoustic from phonological encoding in cortex, Mai et al (2024)
conducted an ECoG study that tested English flapping, and identified various sites around the
brain that were ostensibly selectively sensitive to the underlying phonological structure than
the superficial acoustic structure. That is, evoked ECoG activity at certain electrode sites, as
well as time-frequency responses—across all frequency bands tested—to the [r] was more like

other allophones of /t/ as compared to the flap [r] derived from an underlying /d/ phoneme.
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Other electrode sites, however, appeared to encode the surface phonetic relationship, where
the two [r] allophones—one derived from underlying /t/ and one derived from underlying
/d/—patterned together to the exclusion of the [t] phone. Moreover, low-frequency oscillatory
activity (i.e., 8-band, 6-band) was best fit when phonemic category labels were included in the
model in addition to spectral information. These results minimally suggest that both surface and

underlying phonological structure are encoded in various neurophysiological responses.

One major tenet of SFP is that significant abstraction exists within the phonological system,
and we believe that there is potential for substantiating this claim. The theoretical challenge
lies in distilling the core principles of a substance-free framework and formulating testable
predictions. Even researchers with a strong phonetic orientation must acknowledge a degree
of abstraction, particularly when positing sound classes, such as nasal consonants, that lack
a simple acoustic/auditory definition (Stevens 1998). Mielke (2008: 45) cites EEG and MEG
evidence at the time that supported abstract phonological features in auditory cortex; however,
it was noted that whether these features were innate or learned was still an open question. In
Mielke’s preferred model, speech segments are initially processed as holistic units and later
receive language particular featural interpretations. MMN experiments are relatively easy to

design and run, and as such, we provide a more extended discussion.

3.2 Mismatch responses

The MMN is an ERP component observed in EEG/MEG signals that reflects automatic change
detection in auditory processing (Nddtdnen 2001; Néaitdnen et al. 2007; 2019). In a typical
oddball paradigm, participants hear a series of frequent standard stimuli interrupted by infrequent
deviants that differ along physical, perceptual, or representational dimensions (see Figure 1A).
Initially thought to reflect comparison against a stored memory trace, the MMN is now often
interpreted through a predictive coding lens, where auditory cortex encodes regularities and
the MMN arises from a mismatch between the deviant and predicted input (Winkler 2007). The
MMN component itself typically peaks 150-350 milliseconds post-deviant and is largest over
fronto-central EEG electrodes (see Figure 1B) and temporal MEG sensors. When auditory cortex
encodes a distinction, an MMN is elicited, localizing to superior temporal regions (Sams et al.
1991; Csépe et al. 1992; Hari et al. 1992; Naitdnen et al. 2007). Crucially, the MMN operates
pre-attentively, that is, participants need not attend to the stimuli for it to be observed (Atienza
et al. 2002; Vanhaudenhuyse et al. 2008). In speech, the MMN is sensitive to language-specific
distinctions, including vowel categories (Néditénen et al. 1997; Winkler et al. 1999) and voice
onset time (VOT) contrasts in stops (Sharma & Dorman 1999; Sharma et al. 2000), suggesting
that linguistic knowledge may shape what is encoded by the MMN; however, at that point, it was
unclear whether those auditory memory representations involved reflected acoustic, phonetic, or

phonological levels of processing.



While we certainly advocate for a methodologically pluralist approach, that is, one should
be careful not to prioritize neurophysiological or neurological evidence over other forms of
evidence (e.g., perception, production, behaviour, eye-tracking), to date, evidence for abstraction
in phonology in behavioural findings is not entirely clear (though see Caplan et al. (2021) for
clever behavioural evidence for intermediate speech-sound categories not based in subphonemic
acoustic detail); instead, results from MMN investigations have made significant contributions to

these questions (Monahan 2018).
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Figure 2: Schematic of the many-to-one oddball paradigm developed in Phillips et al. (2000).
In the Phonological Experiment, participants are exposed to a series of auditory CV stimuli

that repeat at the category-level (i.e., [da]) but not at the acoustic level, as voice onset time
(VOT) duration changes from stimulus to stimulus. These standard tokens are interrupted by an
infrequent, deviant stimulus drawn from the other phonetic category (i.e., [ta]). In the Acoustic
Experiment, 20 ms of VOT is added to each token, removing the many-to-one relationship
between the tokens and their category membership. A mismatch negativity (MMN) is only
reported in the Phonological Experiment.

To this end, Phillips et al. (2000; see Figure 2) introduced intra-category acoustic variation
in the standard and deviant stimuli (e.g., [da, da, da  da,, da, da, da, ta, da, da...];
subscripts refer to VOT values in milliseconds), an innovation on previous designs (Sharma &
Dorman 1999; Sharma et al. 2000). Despite this acoustic and auditory variation, an MMN was
observed when the distribution of acoustic tokens aligned with the VOT distribution observed
in English stop consonants, while no such MMN was observed when the same acoustic variation
no longer aligned with English phonetic category boundaries. To our knowledge, this is the
first published MMN study—at least in the domain of speech—wherein acoustic variability was
included in the repeated standards. If auditory cortex was unable to abstract over the variation in
VOT values, there would be no many-to-one relationship and as such, no MMN would have been
predicted. That an MMN was observed, however, indicates that listeners did, indeed, abstract
over the acoustic variation in VOT values and encoded each token as a phonetic category (e.g.,
[t], [d]). Similar results were found comparing phonemic versus allophonic contrasts in a cross-
linguistic context (Kazanina et al. 2006), again highlighting the possibility that auditory cortex
supports abstract category representations.
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Since then, numerous MMN speech studies have observed asymmetric responses: Some
standard-deviant pairings elicit larger, asymmetric MMN responses depending on which category
is the standard and which category is the deviant. Specifically, asymmetric MMNs have been
observed for vowels (Obleser et al. 2006; Cornell et al. 2011; Scharinger et al. 2012; Scharinger
& Monahan & et al. 2016; de Rue et al. 2021; Yu & Shafer 2021), consonants (Cornell et al.
2013; Hestvik & Durvasula 2016; Schluter et al. 2016; 2017; Hgjlund et al. 2019; Hestvik et al.
2020; Meng et al. 2021b; Rhodes et al. 2022), lexical tone (Politzer-Ahles et al. 2016) and local
assimilation contexts (Meng et al. 2021a). Similar asymmetries have been observed outside of the
oddball MMN paradigm: Specifically, increases in BOLD signal change using fMRI are observed
in bilateral STS and STG when the first word of the word pair contains a specified vowel and
the second word contains an underspecified vowel relative to when the first word contains an
underspecified vowel and the second word contains a specified vowel (Scharinger & Domahs &
et al. 2016). Asymmetries between coronal and non-coronal mispronunciations are observed in
at 24-months of age, while no such asymmetries are observed at 18-months of age, indicating
that such underspecified representations begin to emerge by the second year of life (Althaus et
al. 2024). Moreover, at least in the MMN paradigm, however, no such asymmetries are observed
when participants hear a single, repeating acoustic token (cf. Phillips et al., 2000), suggesting
that the MMN has the power to index a variety of speech sound representational levels (Hestvik
& Durvasula 2016). These findings are routinely interpreted in terms of underspecification theory
(Archangeli 1988) or a Featurally Underspecified Lexicon (FUL; Lahiri & Reetz 2002; 2010;
Lahiri 2018); however, a common shortcoming of MMN studies is that the tested phonological
contrasts are strongly correlated with phonetic or even auditory properties, for example testing
for voicing, could end up confounded with the auditory detection of periodicity (pitch) in a
portion of the signal. One the surface, it appears that the Phillips et al. (2000) findings provided
compelling evidence for abstract phonological representations (see Hestvik & Durvasula (2016)
for a comparison of variation and no variation in the standard stimuli); however, only one
acoustic variable was manipulated, rendering the findings consistent with phonetic category
access. Moreover, in the analysis of the Acoustic Experiment, the stimuli were analyzed against
a “long” versus “short” VOT continuum, obfuscating the category labels of the tokens and their
relation to the many-to-one feature of the paradigm. An alternative analysis would include

recoding the tokens based on the expected phonetic categorization.

Designing an experiment that isolates abstract, phonological representations is extraordinarily
difficult, yet identifying the appropriate contrast set is paramount to moving forward and demands
careful attention (Phillips 2001; Monahan 2018; Mai et al. 2024). One avenue forward is to
force listeners to group across manners of articulation, as phonological classes that span distinct
manners are less likely to share a common phonetic base, permitting a more decisive attribution

of observed effects to the phonology. Using MEG, Flagg et al. (2006) showed, despite the cue to



nasality being distinct between vowels and consonants, nasal vowels predicted nasal consonants.
To account for these findings, one could postulate an abstract [nasal] feature, implying a certain
amount of abstraction: nasal predicts nasal. On the other hand, one could provide a purely
auditory account, postulating that nasal vowels predict nasal consonants in English. Most MMN
studies do not employ an overt task, and as such, the researcher must ensure that listeners are
grouping the standards and deviants in the intended. This is a relatively difficult task when
working with two, minimally contrasting categories, but it is becoming clear that more complex

designs are needed to tap into abstract, phonological representations.

Another possibility is to test a hallmark prediction of features. Namely, features organize
individual sound categories into larger classes based on shared featural representations. Previous
MMN studies had shown that auditory cortex is able to generalize across multiple varying acoustic
parameters as long as one acoustic feature is constant (Gomes et al. 1995). One could include
natural classes of phonological categories into the repeating standard stimuli; that is, instead of
a single repeating phonetic category, participants are presented with distinct phonetic categories
all belonging to the same natural class of segments. An observation of an MMN would indicate
that the brain could ignore non-overlapping phonetic cues between standard tokens and store a
memory trace of the one consistent feature, rendering a purely acoustic-phonetic analysis difficult
to maintain. To determine whether the brain can group individual sound categories on the basis
of such shared representations, Fu and Monahan (2021) tested Mandarin retroflex consonants
by innovating an MMN paradigm to include inter-category variation in the standards (e.g., [s¥
tsy ¥ ts¥? ...]). There, an MMN emerged only when retroflex consonants were the standard and
nonretroflex the deviant, suggesting sensitivity to [retroflex], although it was unclear whether
this reflects abstract phonological processing or acoustic cue detection (e.g., F3; Hussain et al.
2017). That is, this is another instance where it is difficult to dissociate phonological factors from

shared acoustic properties.

To obviate this issue, Monahan et al. (2022) tested English voicing using stops and fricatives
(e.g., [p"asak®a ...]), which rely on distinct, temporal (i.e., VOT) and spectral (i.e., low-frequency
energy) phonetic cues, respectively. We observed an MMN when voiceless obstruents were the
standard, aligning with prior findings (Cornell et al. 2013; Schluter et al. 2017) and linguistic
analyses of English laryngeal features (Avery & Idsardi 2001). The elicitation of an MMN indicated
that listeners disjunctively coded these distinct phonetic cues into an abstract, phonological
representation. This is the first finding to our knowledge that the brain can create an integrated
percept based on the phonological structure of the language and that is not confounded with an
acoustic-phonetic parameter. That is, there is no single phonetic property that can be used to
group the voiceless stops and voiceless fricatives into a single category. In short, listeners form
an abstract representation of a phonological class that is believed to require two distinct auditory

features and bind them into a single, phonological feature. The MMN paradigm, however, is
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not without limitations. One data point (e.g., deviant presentation) requires approximately ten
stimuli (i.e., standard presentation). This renders such experiments slow and requiring orders of

magnitude of reduction from the raw data and stimuli to draw conclusions of a single contrast.

4 Substantiating Substance Free Phonology experimentally

SFP has several variants, but one common, shared attribute is a commitment to the abstractness
of phonological representations—that they are (relatively) unmoored from their articulatory and
auditory phonetic anchors. SFP is not alone in this, even textbook presentations of phonetics
ignore certain distinctions in pronunciation. Contrast-based phonology (Dresher 2009) aims to
find a minimal decision tree of phonological differences in each language, and Berent (2013; 2026)
offers a broad defense of abstract phonological representations, even across different modalities
(Berent et al. 2021). This broad adoption makes abstractness of speech sound representations
an appealing candidate for neurophysiological investigation as any results will be useful not
only to SFP but to other approaches as well. It is also true that SFP thus far has been primarily
concerned with the analysis of speech sounds and features in phonological processes, often using
set theory (Bale & Reiss 2018; Bale et al. 2019; Reiss 2022; Gorman & Reiss 2026). A simple
but useful illustration of abstractness is the quartet of English speech sounds /p b f v/ as they
occur in word-initial position before stressed vowels, that is, #_V, a common environment for
taking phonetic measurements and an important position for spoken word recognition (Cutler
2012; Sun & Poeppel 2023). Phonetically, these sounds differ in myriad ways (what Avery &
Idsardi 2001 term phonetic over-differentiation), such that the four sounds occupy the potential
phonetic space quite sparsely, see Table 2. We use ordinary descriptive labels for speech sounds
and attributes here to not prejudge the content of the mental representations for speech sounds;

that is, we attempt to assess the “topology” or “shape” of the mental relationships.

Many of the empty cells in Table 2 can be filled with phonetic instantiations in other
languages or in other word positions in English. Ewe distinguishes between labial and labio-
dental fricatives (Maddieson 2005), and German /pf/ can be pronounced with a labiodental
closure (Kehrein 2013). Korean “plain” /s/ is aspirated, that is, it has a substantial VOT duration
after the end of sibilant frication (Martin 1992). The “voicing” contrasts are displayed as minimal
in Table 2, in the sense that a single attribute is used to distinguish between the two fricatives
(periodic vocal fold vibrations during closure) and between the two stops (VOT lag), but we note
again that the distinguishing attribute is not the same across the two pairs (see previous section).
Moreover, even this description is a simplification, especially when other word positions are
considered (Lisker 1977; Smith 1997).

That said, in phonological analyses, the sub-distinctions for place and for laryngeal postures
and timing are thought not to be relevant to the storage of wordforms in long-term memory
(e.g., Berg 1989; but see Mitterer et al. 2013), and the quartet is analyzed as a 2 X 2 system of

contrasts, as shown in Table 3 (again with descriptive labels and symbols):



Place Bilabial Labiodental
Constriction Stop Fricative | Stop Fricative
Closure voicing Periodic %
Aperiodic f
VOT lag Short b
Long P

Table 2: Some phonetic properties of English labial obstruents /p b f v/.

Stop | Fricative

Voiceless | p f

Voiced b v

Table 3: 2 x 2 phonological reduction of Table 1.

Table 3 may seem to be the obvious phonological reduction of Table 2, but other
arrangements are possible. One topological equivalent would replace manner (stop/fricative)
with place (bilabial/labiodental), a less obvious one would use closure voicing and VOT lag as the
primary factors. Likewise, voiced/voiceless could instead be analyzed in terms of glottal tension
or glottal width (Avery & Idsardi 2001), and various possible underspecification analyses are
possible for such 2 x 2 arrangements, with concomitantly different predictions regarding MMN
asymmetries. That is, if the alternative, phonetically substantive analysis in Table 2 is followed
instead, then /b/ and /v/ do not share any attribute in common, and so in an MMN paradigm
could not be combined into a standard representation against which deviants are judged. But,
as noted in the previous section, Monahan et al. (2022) were able to do exactly this in their

“voiced standards block”, and their results were replicated by Politzer-Ahles & Jap (2024).

Additionally, how the work in accounting for both speech and long-term memory
representations is divided between phonological representations and phonetic implementation
(Keating 1996) is critically important for all theories incorporating abstract representations,
including both SFP and contrast-based phonology. For instance, one relevant observation in
the present context is the pronunciation of bilabial or labiodental nasals in /mp/ and /mf, nf/

clusters (“camping”, “camphor”, “infamous”), seen either as the sharing of place information in

the phonology, or as phonetic coarticulation, or as a combination of both (see Flynn 2025).

Trampling over these important subtleties and borrowing the four-part (proportional) analogy

from historical linguistics, then what phonologists generally want is an analysis for English /p b
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f v/ where both p:b::f:v and p:f::b:v obtain, i.e., the 2 X 2 arrangement. Is it possible to test the
abstract structure of the distinctions (2 X 2) with neuro-physiological methods without worrying
about the exact sonic implementations? No, in the sense that the development of experimental
materials will have to attend to details of pronunciation to create suitable stimuli; but maybe,
because the mismatch response does display variability in amplitude and timing, and in some
cases, seems to provide at least a rough distance metric between sounds. For example, Garrido
et al. (2013) examined the mismatch response to tones of different frequencies and found that
the amplitude of the mismatch field varied with perceptual distance in frequency between the
tones as measured on a logarithmic scale of octaves (semitones; or a quasi-logarithmic scale
such as Bark; see also Bergelson et al. 2013). Similarly, although the amplitude of the MMN is
sensitive to sub-phonemic (or even sub-allophonic) differences in some cases (Han et al. 2026),
the inclusion of phonemic differences tends to diminish (or overwash) this effect, and in other
cases (e.g., Kazanina et al. 2006), any allophonic effects were too small to detect, consistent
with the common observation that MMN amplitudes are larger for phonemic contrasts relative
to allophonic ones. Overall, then, we can attempt to look at relative MMN amplitudes to reveal

some of the nature of the differences between standards and deviants.

Chabot et al. (2026) examined this quartet of English sounds in two mismatch designs, one
with a common standard /p/ and roving (varying) deviants /b f v/, and one with roving standards
/p fb/ and a common deviant /v/. The second design with a common deviant has the additional
advantage of more nearly equalizing the number of presentations of each of the four sounds
in the experimental block. The main finding, at least to a first approximation, accords with
the 2 x 2 topology: Differences of a single attribute (p-f, p-b; b-v, f-v) yield smaller responses,
whereas differences of two attributes (p-v) yield a significantly larger, approximately additive
response. In contrast, the near equality of the single attribute responses and the additivity effect
would be serendipitous coincidences in the substantive phonetic analysis of Table 2. While such
a coincidence is not impossible, it would become less likely if these effects are replicated in
future studies. Other experiments have also shown MMN additivity effects, with some caveats
(Paavilainen et al. 2001; Wolff & Schroger 2001; Jacobsen et al. 2013).

If this initial additivity finding can be replicated across other languages and conditions,
this would have consequences for the linking theory between brain responses and phonological
representations, which for segments and features have been formulated using set theory in SFP. In
set-theoretic terms, it suggests that in the MMN design, the comparison between English /p/ and
/v/ yields something like the symmetric set difference, AAB = (A\B) U (B\A) (or, alternatively
AAB = (AUB) \ (ANB), or AAB = {x : (x€A) XOR (x€B)}). For /p/ and /v/ this difference
would descriptively be {voiced, voiceless, stop, fricative}. That is, as descriptively desired, the
symmetric set difference returns something akin to the mismatches between the two sounds. This

formulation is distinct from the SFP idea that sets of phonological features impose conditions



of feature-value consistency—voiced and voiceless are inconsistent—and that phonological sets
are combined using unification or priority union (Reiss 2022). Under that view, the mismatch
response could be due to unification failure between the standards and the deviant. But when
unification succeeds, it returns the union of consistent features; when unification fails, it does not
return a set of mismatching features but instead a Boolean value of False. Importantly, this is not
an incoherent linking theory for phonology and MMN responses, it simply predicts that the MMN
responses should not be additive, as by definition, there are no degrees of being False. Of course,
other creative amendments for set combination in MMN analysis are possible, unification failure
could instead return the cardinality of the symmetric set difference (four in this case, Reiss p.c.).
Such a set cardinality linking theory would have the implicit claim that MMN amplitude for single
attribute mismatches should be approximately equal rather than what was observed in Chabot
et al. (2026). As a practical experimental matter, it is probably not possible to measure more than
a few degrees of mismatching as MMN amplitude analysis is bounded below by the experimental
power, and above by saturation effects. Overall, the moral here accords with Hornstein (2026):
If you want sets in your theory, then there is no escape from set theory, and your task is to find

the best set-theoretic device to match the experimental behavior.

5 Summary

Neuro-physiological experiments have yielded important information about phonetic and
phonological representations in human auditory cortex. Designing and interpreting such
experiments remains quite challenging because auditory, phonetic and phonological properties
are often correlated so no single experiment is likely to disentangle the confounds despite the
creativity and subtlety of many of the experimental designs and neural measures. Therefore,
experimental evidence regarding abstract phonological representations is likely to accrue slowly
across a large set of experiments investigating different phonological contrasts across a variety
of languages which we hope will eventually lead to a convergent, consensus answer consistent
with findings from non-neural methods, such as typological analysis, acquisition patterns and
computational considerations. This article has offered a survey of many of the relevant results to
date and some speculation on how dissecting the MMN response into subcomponents might offer

a rich vein of information for further experiments to mine.
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