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  Loudness recruitment is a common symptom of hearing loss induced by cochlear lesions, which is defined as 
an abnormally fast growth of loudness perception of sound intensity. This is different from hyperacusis, which 
is defined as “abnormal intolerance to regular noises” or “extreme amplification of sounds that are comfort-
able to the average individual”. Although both are characterized by abnormally high sound amplification, the 
mechanisms of occurrence are distinct. Damage to the outer hair cells alters the nonlinear characteristics of 
the basilar membrane, resulting in aberrant auditory nerve responses that may be connected to loudness re-
cruitment. In contrast, hyperacusis is an aberrant condition characterized by maladaptation of the central au-
ditory system. Peripheral injury can produce fluctuations in loudness recruitment, but this is not always the 
source of hyperacusis. Hyperacusis can also be accompanied by aversion to sound and fear of sound stimuli, 
in which the limbic system may play a critical role. This brief review aims to present the current status of the 
neurobiological mechanisms that distinguish between loudness recruitment and hyperacusis.
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Background

Loudness of sound is the subjective perception of the strength 
and weakness of a sound, and is mainly influenced by the 
sound intensity or pressure level. Sounds at and just above 
their threshold are perceived as weak and soft sound. The 
loudness increases exponentially as the sound intensity in-
creases (loudness=coefficient×sound intensity) [1]. When a 
patient develops sensorineural hearing loss, there is a rapid 
growth of the loudness at high-intensity sounds, even though 
the patient cannot hear low-intensity sounds. This phenom-
enon is often clinically referred to as loudness recruitment. 
Patients with recruitment often report a history of noise ex-
posure, developed age-related hearing loss, using of ototox-
ic drugs, or developed inflammatory diseases that cause hair 
cell damage [1]. There is an auditory disorder that differs with 
patients with loudness recruitment, primarily described as re-
duction in sound tolerance, named hyperacusis.

When we introduce loudness recruitment and hyperacusis, it is 
important to first discuss the uncomfortable level (UCL), which 
refers to the lowest sound intensity level that causes discom-
fort [2]. The UCL for a normal person is ~100 decibels (dB HL), 
and patients with loudness recruitment often have sensorineu-
ral hearing loss, but the UCL remains essentially unchanged. In 
some patients with hyperacusis, the hearing threshold is main-
tained at 0 dB HL, but the UCL decreases to 70-80 dB, thus their 
hearing dynamic range or comfortable hearing range is signifi-
cantly reduced (Figure 1) [3]. Loudness recruitment has long been 
considered a specific indicator of a cochlear lesion, showing only 
that the cochlea perceives abnormal amplification as the sound 
signal increases [4]. Loudness recruitment is therefore a clinical 
disorder rather than an independent disease. Hyperacusis, in con-
trast, is often a diagnosis describing a patient’s intolerance to 
“loud” sound. Because of the similarities between these 2 symp-
toms, some clinicians have used “loudness recruitment” and 
“hyperacusis” interchangeably. This brief review aims to pres-
ent the current status of the neurobiological mechanisms that 
can distinguish between loudness recruitment and hyperacusis.

Definition	and	Pathological	Mechanism	of	
Loudness Recruitment

Loudness recruitment means that the affected ear perceives 
an abnormally rapid increase in loudness as the sound in-
tensity increases [5, 6]. These patients have a higher hearing 
threshold than normal subjects, yet they perceive a faster in-
crease in loudness than normal subjects when the volume of 
external sound increases. When the test sound reaches a cer-
tain intensity, the perceived loudness of a person with hearing 
loss is virtually the same that of a person with normal hear-
ing. There are 5 types of loudness growth functions based on 

intensity-loudness function measured in patients with sen-
sorineural hearing loss [7-9] (Figure 2): (1) No recruitment, in 
which the affected ear and the normal ear have equal chang-
es in loudness to same sound intensity and the intensity-loud-
ness function of the ear with hearing loss is parallel with the 
normal ear; (2) Partial recruitment, in which the slope of inten-
sity-loudness function of the ear with hearing loss is higher 
than normal ear, but the loudness of the ear with hearing loss 
never reaches to the normal ear; (3) Complete recruitment, in 
which the loudness reaches to a certain level and the affected 
ear perceives the same intensity as the normal ear [6], which 
is the most common type of recruitment; (4) Excessive recruit-
ment, in which the patient perceives an even louder response 
in the ear with hearing loss, greater than the sound perceived 
by the normal ear, and this change in loudness profile is the 
same as the hyperacusis described by Cox et al; (5) Counter-
recruitment, in which the loudness increase in the affected ear 
increased slower than in the normal ear.

The mechanism of loudness recruitment is still controversial, 
and most scholars believe that it may be related to a lesion 
of the cochlea. As outer hair cells act as an active amplifier on 
the basilar membrane movement, damage to the outer hair 
cells will lead to reduction of amplification of the input-out-
put function of the cochlea with low-intensity sounds. As the 
outer hair cell motility contributes less effect to high-intensi-
ty sounds, this will result in a steep input-output function of 
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Figure 1.  Loudness models for normal subjects, patients with 
loudness recruitment, and patients with hyperacusis 
(Cox, 1997). The maximum discomfort threshold 
for a normal person is 100 dB HL. Patients with 
loudness recruitment have a largely unchanged 
maximum discomfort threshold, although they 
often have sensorineural deafness, while some 
patients with hyperacusis have an increased hearing 
threshold, the maximum discomfort threshold falls to 
70-80 dB instead, thus the range of hearing tolerance 
is significantly reduced.
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the cochlea (Figure 3).Therefore, some scholars have suggest-
ed that impaired cochlear amplification due to outer hair cell 
damage is the main mechanism of loudness recruitment [5]. 
This speculation mainly focuses on assessing the effect of co-
chlear lesions on loudness, considering there is less influence 
of the auditory central system on auditory loudness perception.

As cochlear signals are transmitted from the spiral ganglion 
neurons to the brain, it has been hypothesized that loudness 

recruitment is the result of an increase in overall auditory 
nerve firing if “loudness perception” is represented by co-
chlear response.

Heinz et al investigated the firing rate of the auditory nerve 
after noise exposure in cats and found that the firing rate of 
the peripheral nerve did not increase with noise frequencies 
and the input-output curve did not become steeper [10,11]. 
Their results suggested that the equal-loudness phenomena 
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Figure 2.  Diagram of Loudness recruitment classification and hyperacusis. N – normal individuals, A – abnormal patients.
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Figure 3.  Input-output curve for normal ear and 
loudness recruitment ear at different 
frequencies.
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found in “complete or excessive recruitment” cannot be ex-
plained by cochlear output measured by auditory nerve firing 
rates after noise exposure [11].

Furthermore, the study by Young et al refuted the assumption 
that loudness recruitment is induced by an increase in audi-
tory nerve firing because no steepening of the auditory nerve 
firing rate function was observed, despite the increase of the 
basilar membrane function. The theory that loudness recruit-
ment is caused by injury to the auditory nerves, resulting in a 
drop in the auditory nerve response threshold, has also been 
rule out as there was no change in the auditory nerve re-
sponse threshold [11].

To study the central auditory system changes after cochle-
ar damage, Cai et al [12] studied the effects of 112 dB SPL 
noise on cochlear nucleus activity in cats for 4 h. They found 
that the input-output function of firing rate of non-primary-
like neurons in the ventral cochlear nucleus, especially chop-
per, were consistent with the changes in loudness recruit-
ment. The chopper cells were responsible for identifying brief 
pure tones, and there is an abnormally rapid increase in firing 
rates of the choppers to stimulation of tone-burst tones dur-
ing cochlear injury, supporting the argument that there is a 
central involvement in loudness recruitment. However, there 
are still questions about when and where the precise site of 
increased sound perception occurs after a peripheral lesion 
forms. Although most previous studies suggested that recruit-
ment is caused by reduction of cochlear amplification due to 
outer hair cell loss, a recent study by Lefler et al demonstrat-
ed that endolymphatic hydrops can induce loudness recruit-
ment without causing outer hair cell damage. This study pro-
vides a new mechanism of recruitment that may present in 
patients with Meniere’s disease [13].

Definition and Mechanism of Hyperacusis

Hyperacusis is referred to as “abnormal intolerance to ordinary 
sounds” or “excessive amplification of sounds that are com-
fortable to normal people” (Figure 2). It is suggested that hy-
peracusis is evoked by low-intensity or common sounds, rather 
than specific sounds, which distinguishes it from “acoustopho-
bia” and “anosmia” [14].

Many studies have suggested that hyperacusis has a central-
ly-driven source, as opposed to the “passive central involve-
ment” theory of loudness recruitment. For example, when nor-
mal people wear earplugs for a few weeks, they will perceive 
the surrounding sound as noisy when they remove the ear-
plugs, whereas when these subjects wear hearing aids, the UCL 
increases when they remove them [15]. Studies have suggest-
ed that the abnormal response of the central auditory system 

plays a critical role in sound perception changes. This hypoth-
esis is referred to as central plasticity or central gain change. 
Central gain suggests that a rapid compensatory increase in 
firing rate will occur in the central auditory system as periph-
eral input decreases. It may be caused by the regulation of the 
balance of central inhibition and excitatory neurotransmission. 
When the output of the auditory afferents is reduced, it reduc-
es the input of the inhibitory circuits in the central system and 
increases central output. This can compensate for the rapid re-
duction of afferent impulses from the peripheral system [16].

Studies in animal models of noise and ototoxic drugs have 
found plastic changes in multiple levels of the central auditory 
system, including enhanced neural synchronization, increased 
spontaneous excitability in the cochlear nucleus and the infe-
rior colliculus, and expansion and reorganization of cortical re-
sponse areas [17,18]. Because of the multiple transit points in 
sound transmission, the onset of central gain has been investi-
gated using noise exposure models. An increase of the ampli-
tude of acoustic startle reflex (ASR) was found in noise-treat-
ed animals compared to the controls, even those with hearing 
loss [19-21]. One study discovered that after 105-dB noise ex-
posure, guinea pigs’ hearing threshold increased, but the elec-
trophysiological responses in the inferior colliculus (IC) was 
significantly higher than before the exposure [17]. In another 
study, a decrease in the compound action potential (CAP) of 
the cochlea, no change in the cochlear nucleus, and a signifi-
cant increase in the IC and the AC discharges were found af-
ter 120-dB noise exposure in guinea pigs [20]. This study sug-
gested that the onset of loss of central gain may lie between 
the cochlear nucleus and the inferior colliculus.

Studies have shown that the site of central gain sometimes 
changes dynamically with the degree and duration of hear-
ing loss. A study of animals exposed to noise at 120 dB for 
2 weeks found that the CAP, IC, and AC potentials also tend-
ed to change dynamically with increasing noise exposure 
time [21-23]. These nuclei do not simply transmit from bot-
tom to top; instead, the central gain in the AC occurs first, fol-
lowed by compensations in the inferior colliculus. Therefore, 
it has been suggested that the central gain is due to a weak-
ened inhibitory projection from the auditory cortex to the in-
ferior auditory nuclei, which leads to an increase in the firing 
rate [24] and even hyperacusis.

The Difference and Connection Between 
Loudness Recruitment and Hyperacusis

Loudness recruitment and hyperacusis are both changes in the 
perception of sound loudness. However, there is a difference 
between them. Loudness recruitment is generally manifested 
after the onset of sensorineural deafness, which is characterized 
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by an abnormal amplification of the perception of medium- 
to high-intensity sounds, whereas hyperacusis does not nec-
essarily present with hearing loss, but there is a decrease in 
tolerance to everyday sounds, either medium-to-high-intensi-
ty sounds or sounds that others do not find loud. In addition, 
loudness recruitment does not account for the patient’s sub-
jective emotions regarding sound, and the degree of hyper-
acusis often varies with the patient’s emotions. For example, 
exertion and anxiety can exacerbate hyperacusis, while hyper-
acusis can be triggered by seasonal or other factors.

In recent years, variation in the limbic system has also been 
studied [25]. The amygdala, striatum, and hippocampus are 
also involved in the projections from the medial geniculate 
body (MGB) to the auditory cortex (AC) in sound signaling. 
Loudness recruitment occurs mainly with peripheral hearing 
damage, while hyperacusis may result from lesions in the au-
ditory or limbic centers, such as Williams’ syndrome, a genet-
ic defective disorder occurring in the vasculature, connective 
tissue, and central nervous system, but 60% of patients pres-
ent with hyperacusis, in which more than half of patients have 
normal hearing [26,27].

Since noise exposure causes damage to outer hair cells first, 
the animal models of noise-induced hyperacusis explained the 
mechanism by which hyperacusis occurs after outer hair cell 
damage. In contrast, a study of ototoxic hearing loss caused 
by exposure to carboplatin found that the specific destruc-
tion of inner hair cells resulted in normal DPOAE and a sig-
nificant decrease in CAP in mice, with a small increase in the 
IC discharge and a more pronounced increase in the AC. This 
suggests that peripheral hearing loss, regardless of lesions in 
the outer or inner hair cells, will cause cortical compensato-
ry changes [28].

In a recent study, rats were exposed to noise of 16-20 kHz 
104 dB SPL for 12 weeks. Behavioral sound responses measured 
by reaction time were assessed before, during, and 2 months 
after the noise exposure. Loudness recruitment was observed 
in the area of hearing loss during exposure, but clear signs of 
hyperacusis began to appear at the edges of the hearing loss 
frequencies. The above experiments suggest that loudness 
recruitment and hyperacusis can occur simultaneously [29].

Conclusions

This review has shown that although cochlear injury results in 
abnormal conduction in the auditory nerve, the mechanisms 
leading to loudness recruitment require further study. It has 
been speculated that the nonlinear properties of the cochle-
ar response are altered by lesions of outer hair cells, leading 
to loudness recruitment.

Hyperacusis, on the other hand, is an abnormal sound percep-
tion change dominated by central active compensation, which 
differs from loudness recruitment. Hyperacusis may also involve 
the limbic system, accompanied by fear and aversion to sound.
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