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PHASE LOCKING

PHASE LOCKING

Primary Disciplinary Field(s): Auditory Neuroscience, Neurophysiology, Psychoacoustics

1. Core Definition

Phase locking is a fundamental neurophysiological mechanism within the auditory system, defined
as the propensity for an auditory nerve fiber or neuron to fire an action potential at a particular,
consistent phase of a periodic external stimulus, such as a pure tone or a complex waveform. This
phenomenon ensures that the temporal structure--or fine timing--of the acoustic input is accurately
encoded and transmitted to the central auditory pathways. Although an action potential will typically
not occur on every single cycle of the stimulating waveform, the timing of the action potential,
whenever it is produced, is precisely synchronized to the same point or stage within the stimulus
cycle.

This synchronization is critical because it allows the nervous system to follow the temporal
anatomy of a sound. By linking neural activity to the instantaneous phase of the stimulus, the
auditory system transforms mechanical vibrations into a reliable sequence of timed electrical
events. This temporal encoding is vital for processing low-to-mid frequency sounds, enabling the
perception of pitch and aiding in sound localization. The fidelity of this temporal code is essential
for higher-level auditory functions, particularly in complex acoustic environments involving speech
and music.

2. Mechanism and Biological Basis

The physical manifestation of phase locking begins in the cochlea and is carried out by the spiral
ganglion neurons that form the auditory nerve. As the basilar membrane vibrates in response to
sound, the inner hair cells release neurotransmitters in a way that is synchronized with the
movement of the membrane. This synchronization is then translated into the firing pattern of the
auditory nerve fibers. The mechanism is inherently related to the rapid response characteristics
and kinetics of the synapses between hair cells and nerve terminals, ensuring that the postsynaptic
potential generation is tightly coupled to the mechanical oscillations of the sound wave.

Phase locking is robust in the auditory nerve and persists through the initial processing centers in
the brainstem, specifically the cochlear nucleus and the Superior Olivary Complex. These nuclei

utilize the precise timing information provided by phase locking to perform complex computations
necessary for spatial hearing. However, due to the physiological constraints imposed by the neural
refractory period--the brief time after firing during which a neuron cannot fire again--a single neuron
cannot sustain firing rates equivalent to high-frequency stimuli (above 4-5 kHz). This biological
limitation necessitates a cooperative mechanism to encode higher frequencies.
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To overcome the limitations of individual firing rates, the auditory system employs the Volley
Principle. While an individual neuron cannot fire on every cycle of a high-frequency stimulus, a
population of neurons collectively preserves the temporal waveform. Each fiber maintains its phase
lock but may skip cycles randomly. The aggregate response of the neural population, known as the
"volley," is synchronized to the stimulus frequency, thus extending the range of effective temporal
encoding up to approximately 5 kHz. This combination of individual phase locking and population-
based volleying ensures temporal accuracy across a broad range of perceptible frequencies.

3. Historical Development and Discovery

The recognition of phase locking emerged from the 20th-century debates concerning the
representation of frequency in the auditory system. Early theories, such as Rutherford's Frequency
Theory (Telephone Theory), suggested that the entire basilar membrane vibrated uniformly, and
the nerve fibers fired at a rate corresponding directly to the stimulus frequency. This simple rate-
coding model was contradicted by the known physiological limit of neural firing rates, which capped
at around 1,000 spikes per second, insufficient for encoding tones above 1 kHz.

The concept was formalized and integrated into auditory science by Ernest Wever and Charles
Bray in the 1930s with the development of the Volley Theory. They proposed that frequency
information was encoded not simply by the rate of a single fiber, but by the patterned,
synchronized activity across a group of fibers. While they initially focused on the collective rate,
later electrophysiological studies provided direct evidence that the timing of individual spikes was
consistently locked to the phase of the stimulus waveform. This key observation differentiated the
concept from simple rate coding and established phase locking as the specific temporal
mechanism responsible for fine structure encoding.

Subsequent research using microelectrodes to record from single auditory nerve fibers confirmed
the remarkable precision of this temporal locking. Investigations demonstrated that the degree of
synchronization decreased predictably with increasing frequency and was highly sensitive to sound
intensity and neural health. The historical development solidified phase locking as a crucial
component of the Temporal Theory of Hearing, working alongside the Place Theory (tonotopy) to

account for the full spectrum of human auditory perception.

4. Role in Auditory Perception

Phase locking serves two critical functions necessary for accurate auditory perception: pitch
extraction and sound localization. For pitch perception, phase locking allows the central auditory
system to analyze the temporal regularity encoded by the neural firing patterns. This is particularly
important for extracting the fundamental frequency (FO) of complex, harmonic sounds, such as
speech vowels or musical notes. Even when the FO component itself is acoustically absent (the
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phenomenon of the missing fundamental), the phase-locked timing of neural responses to the
upper harmonics provides sufficient temporal cues for the brain to calculate the perceived pitch.

The precise temporal fidelity provided by phase locking is perhaps even more critical for sound
localization, specifically the processing of Interaural Time Differences (ITDs). ITDs are the tiny

differences (often less than 700 microseconds) in the arrival time of a sound between the two ears,
used primarily for localizing low-frequency sounds. The Medial Superior Olive (MSO), a crucial
brainstem nucleus, functions as a coincidence detector, comparing the timing of phase-locked
inputs from both ears. The temporal precision of phase locking is essential here; any jitter or
imprecision in the timing would severely degrade the ability of the MSO to accurately calculate the
sound source's azimuth.

Without the reliable temporal encoding afforded by phase locking, the auditory system would
struggle significantly to differentiate between sounds that share similar frequency content but differ
in their temporal envelope or fine structure. It provides the necessary fine-grain temporal resolution
that complements the coarser frequency resolution provided by the cochlear place map, ensuring
robust and detailed representation of the acoustic world.

5. Quantification and Measurement

In experimental neurophysiology, the strength and accuracy of phase locking are quantified using
statistical methods applied to recordings of neural spike trains relative to the acoustic stimulus
cycle. The primary metric used to assess the degree of synchronization is the Synchronization

Index, also commonly referred to as Vector Strength. This dimensionless metric ranges from 0 to
1, where 0 indicates completely random firing relative to the stimulus phase, and 1 represents
perfect synchronization (meaning every spike occurs at exactly the same phase angle).

Measurement typically involves constructing a **Phase Histogram** (or Period Histogram). This
histogram plots the number of times a neuron fires at each specific phase angle (usually spanning
0° to 360°) across many cycles of the stimulus. A highly peaked distribution in the histogram
indicates strong phase locking, as the majority of action potentials cluster around a single preferred
phase angle. The height and narrowness of this peak are directly related to the magnitude of the
Synchronization Index.

These quantitative measures allow researchers to map the precise functional characteristics of
auditory neurons, including the highest frequency at which they can maintain a reliable phase lock
(the "cutoff frequency") and how synchronization changes with sound intensity. Such
measurements are vital for understanding the limits of temporal coding across different species
and auditory pathologies.
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6. Frequency Dependence and Limitations

The fidelity of phase locking is inversely proportional to the frequency of the acoustic stimulus. As
the frequency increases, the period of the waveform shortens, placing greater demands on the
neuron's ability to recover and fire synchronously. For most mammals, including humans, robust
phase locking is effective only for frequencies below approximately 1 to 1.5 kHz. Beyond this
range, individual neurons begin to skip cycles more frequently, and the Synchronization Index
decreases rapidly.

The physiological constraint primarily responsible for this limitation is the neural refractory period.
Even the most efficient auditory neurons cannot overcome the need for a brief recovery period.
Consequently, above 4 to 5 kHz, the temporal fine structure of the sound wave is no longer
represented by the synchronized firing pattern of the auditory nerve. At these high frequencies, the
auditory system relies almost exclusively on the **Place Code**, where pitch is determined by
which region of the tonotopically mapped basilar membrane is maximally stimulated.

The existence of this functional cutoff frequency highlights a fundamental division in auditory
processing: low and mid-frequencies are encoded using a dual system (both temporal/phase lock
and place code), offering redundancy and precision, while high frequencies rely solely on the place
code. Research into the exact boundary where phase locking becomes unreliable continues, often
revealing slight variations dependent on species and measurement location within the auditory
pathway.

7. Clinical Relevance and Pathophysiology

The integrity of phase locking is crucial for normal hearing, and its impairment is centrally involved
in several clinical disorders. One significant condition linked directly to phase locking deficits is
Auditory Neuropathy Spectrum Disorder (ANSD). In ANSD, the inner hair cells often function

normally, but the synchronized delivery of information via the auditory nerve or the brainstem
nuclei is severely compromised. Patients with ANSD typically exhibit normal pure-tone audiograms
but suffer disproportionate difficulties in speech recognition, particularly in noisy environments,
because their brains receive frequency information (place code) but lack the precise temporal cues
(phase lock) necessary to resolve the rapid modulations of speech.

Furthermore, subtle degradation of phase locking has been associated with presbycusis (age-
related hearing loss) and noise-induced hearing damage. Even in cases where standard hearing
thresholds are relatively preserved, damage to the synapses between hair cells and auditory
neurons (known as cochlear synaptopathy) can reduce the timing precision of the neural response.
This preclinical damage to temporal coding is believed to underlie the common complaint that older
adults struggle significantly with "hearing in noise," as they lose the fine temporal resolution
needed to separate signal from background interference.
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Further Reading

Phase synchrony (General concept)
Volley theory (Auditory application of phase locking)

Auditory Neuropathy Spectrum Disorder
Superior Olivary Complex
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