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A B S T R A C T

Background: The acute and post-acute sequelae of SARS-CoV-2 infection have been of great clinical interest since 
the inception of the COVID-19 pandemic. Despite a high prevalence of individuals with persistent symptoms, a 
wholistic view of the effects of SARS-CoV-2 on special sensory systems is lacking. Considering the significant 
impact of normal sensory function on quality of life, the goal of this review is to highlight unresolved issues 
related to SARS-CoV-2-associated insults to the sensory nervous system.
Major findings: In this narrative review, we discuss the epidemiology of SARS-CoV-2-induced sensory perturba
tions, underlying pathological mechanisms, and possible therapeutic strategies across the olfactory, gustatory, 
somatosensory, visual, and auditory systems. Examined literature included studies with human biospecimens, 
human-derived cell lines, and naturally susceptible animal models, which highlighted evidence of persistent 
functional disruption in all sensory systems. SARS-CoV-2 infection was associated with persistent inflammation 
in the olfactory epithelium/bulb, somatosensory ganglia, and gustatory systems, long-term transcriptional per
turbations in the sensory central nervous system and peripheral nervous system, and detectable degeneration/ 
apoptosis in the gustatory and visual systems. Few studies have proposed evidence-based therapeutic strategies 
for attenuating specific sensory abnormalities after SARS-CoV-2 infection.
Conclusion: While the olfactory system, and to some extent the visual and somatosensory systems, have been 
more thoroughly investigated from symptomatology, behavioral and molecular perspectives, there is still an 
unmet need for the development of therapeutics to treat COVID-induced impairment of these systems. Further, 
additional attention must be placed on COVID-associated impairment of the gustatory, visual, and auditory 
systems, which lack detailed mechanistic investigations into their pathogenesis.

1. Introduction

As of October 2024, the World Health Organization estimates that 
over 700 million people have been infected by SARS-CoV-2 (WHO 
COVID-19 Dashboard). While acute SARS-CoV-2 infection is most often 
observed to induce flu-like respiratory symptoms, many individuals 
suffering from COVID-19 also appear to experience a wide-ranging array 
of sensory abnormalities during their acute disease course. These ab
normalities notably include common features of COVID-19 such as 
anosmia (loss of smell), ageusia (loss of taste), myalgias, and headaches 
as well as rarer, but significant, sensory disturbances such as peripheral 

neuropathy-like sensations (i.e. tingling, numbness, shooting pain), vi
sual alterations, and hearing disruption. While most individuals recover 
from COVID-19 without long-term deficits, approximately 45 % of pa
tients have at least one unresolved symptom 28 days after infection 
onset (O’Mahoney et al., 2023), with several early studies suggesting 
symptom persistence in over 30 % of patients beyond six months (Davis 
et al., 2021; Nehme et al., 2021; Peghin et al., 2021; Taquet et al., 2021). 
However, more recent studies have lowered these estimates to between 
5 % and 15 % of patients reporting persistent COVID-19 associated 
symptoms by at least three months after resolution of the acute infection 
(Adjaye-Gbewonyo et al., 2023; Hastie et al., 2023; Vahratian et al., 

Abbreviations: DRG, dorsal root ganglion; hACE2, human angiotensin-converting enzyme 2; OB, olfactory bulb; OE, olfactory epithelium; sgRNA, sub-genomic 
RNA; TG, trigeminal ganglion; TRC, taste receptor cells; VEGF-A, vascular endothelial growth factor A.

* Corresponding author.
E-mail address: alex.serafini@icahn.mssm.edu (R.A. Serafini). 

Contents lists available at ScienceDirect

Brain, Behavior, & Immunity - Health

journal homepage: www.editorialmanager.com/bbih/default.aspx

https://doi.org/10.1016/j.bbih.2025.100983
Received 2 November 2024; Received in revised form 19 February 2025; Accepted 23 March 2025  

Brain, Behavior, & Immunity - Health 45 (2025) 100983 

Available online 24 March 2025 
2666-3546/© 2025 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

https://orcid.org/0000-0002-5836-3686
https://orcid.org/0000-0002-5836-3686
mailto:alex.serafini@icahn.mssm.edu
www.sciencedirect.com/science/journal/26663546
https://www.editorialmanager.com/bbih/default.aspx
https://doi.org/10.1016/j.bbih.2025.100983
https://doi.org/10.1016/j.bbih.2025.100983
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


2024). This discrepancy in the prevalence of persistent symptoms may 
be due to changes in long-COVID criteria, such as the introduction of 
factors including the impact of symptoms on daily life (as in the 
Patient-Reported Outcomes Measurement Information System), as well 
as the increased adoption of vaccines. While the intensity and distri
bution of symptoms in post-acute infection periods has also been found 
to vary by viral strain, persistent cognitive, autonomic, and sensory 
abnormalities are prevalent in a large portion of long-COVID cases 
(Davis et al., 2021; Du et al., 2022; Gottlieb et al., 2023).

Lasting special sensory perturbations include the continuation of 
many symptoms associated with acute infection, such as hyposmia/ 
anosmia, hypogeusia/ageusia, visual symptoms, and hearing loss/ 
tinnitus/vertigo (Trott et al., 2022). Painful manifestations of 
long-COVID include musculoskeletal pain (Fernández-De-las-Peñas 
et al., 2022), headache (Tana et al., 2022), and paresthesia (Pinzon 
et al., 2022). Considering the impaired quality of life associated with 
sensory impairments/hypersensitivity (Assi et al., 2020; Costa-lópez 
et al., 2021; Elliott et al., 2003) and the global socioeconomic burden of 
COVID-19 and long-COVID (Cutler, 2022), we sought to review current 
literature on the epidemiology, proposed biological mechanisms, and 
possible treatments related to olfaction, gustation, touch, vision, and 
audition. From this scope, investigators can identify promising areas for 
future research efforts.

2. Epidemiology of COVID-19-related sensory perturbations

This section is intended to broadly discuss existing literature on the 
prevalence of sensory symptoms due to COVID-19 infection. It is by no 
means exhaustive, and other resources, such as those cited here, focus 
exclusively on this topic and discuss nuances between individual studies 
(Agyeman et al., 2020; Alkodaymi et al., 2022; Fernández-De-Las-Peñas 
et al., 2022; Jafari et al., 2022; Malik et al., 2022; Nasiri et al., 2021). As 
an additional caveat, several studies discussed here rely on 
self-reporting outside of a healthcare environment, which poses the risk 
of overreporting symptoms.

Acute olfactory dysfunction after SARS-CoV-2 infection has been 
reported at high levels - generally over 60 % - with resolution achieved 
in most reported cases, although at variable rates (Hopkins et al., 2020; 
Paderno et al., 2020; Rass et al., 2023). This loss of smell persists in a 
large portion of the long-COVID population, with estimates ranging 
between 5 % and 30 % (Davis et al., 2021; Hopkins et al., 2021; Lechien 
et al., 2021; Okrzeja et al., 2024; Petrocelli et al., 2021; Tan et al., 2022). 
However, these rates are highly variable due to measurement at 
different times post-infection, olfactory assessment method, and likely 
infection by differing viral strains. Taste dysfunction has a high rate of 
comorbidity with olfactory deficits in COVID-19 patients during the 
acute/subacute post-infection phase (Dell’Era et al., 2020; Nguyen et al., 
2022). As with olfactory dysfunction, estimates of loss of taste vary 
substantially depending on number of months post-infection, definition 
of taste impairment, and method of assessment – from 1 % to over 30 % 
(Boesveldt et al., 2024; Davis et al., 2021; Petrocelli et al., 2021; Tan 
et al., 2022). Commonly identified risk factors for olfactory and taste 
dysfunction are female sex and milder disease presentation 
(Makaronidis et al., 2021; Mendes Paranhos et al., 2022; Nguyen et al., 
2022; Torrell et al., 2024). Studies into genetic risk factors for 
COVID-associated smell loss have also implicated polymorphisms in the 
UGT2A1 and UGT2A2 genes as predisposing to anosmia; however, the 
mechanism by which these genes contribute to the pathology is 
currently unclear (Shelton et al., 2022).

As with other viral respiratory infections, a variable percentage of 
COVID-19 patients presented with myalgias (up to ~61 %) and head
aches (up to ~34 %) (Weng et al., 2021), although many patients have 
described no painful symptoms (Kim et al., 2020) and others have 
described a reduction in chronic pain burden during the initial phase of 
infection (Hentsch et al., 2022). In one study, by seven months of 
infection, paresthesias (tingling, pins and needles, numbness) were the 

most prevalent sensory symptoms, appearing in almost 50 % of patients, 
yet over 30 % of patients reported painful neuralgias (Davis et al., 2021). 
However, a separate time course analysis suggests that a vast majority of 
myalgia, joint pain, and chest pain symptoms subside by six months, 
with 5–8 % of patients reporting continued pain 
(Fernández-De-Las-Peñas et al., 2022). The predominant form of 
long-COVID pain is distributed and musculoskeletal in nature, present
ing as onset of a new pain conditioning or worsening of pre-existing 
chronic pain conditions (Fernández-De-las-Peñas et al., 2022; Khoja 
et al., 2022). Primary risk factors for persistent post-COVID pain include 
female sex, presence of painful symptoms during the acute infection 
phase, and worse severity of the initial infection 
(Fernández-De-las-Peñas et al., 2022).

Evidence of COVID-19-induced vision loss in the acute phase of 
infection is limited, with the conjunctivitis being the most commonly 
reported ocular finding (Ripa et al., 2022; Sen et al., 2021). Other 
prevalent symptoms included dry eye, tearing, itching, ocular pain, and 
discharge (Nasiri et al., 2021). In one study, approximately 30 % of 
long-COVID patients report blurred vision, photosensitivity, or 
increased eye pressure/pain (Davis et al., 2021), although this value is 
much lower in other studies that look at earlier timepoints (Almas et al., 
2022). It is possible that visual dysfunction measurements are 
confounded by cognitive impairments, such as fatigue during 
demanding tasks (Johansson et al., 2024). A smaller number of patients 
also have reported conjunctivitis, peripheral visual field abnormalities, 
double vision, and tunnel vision (Davis et al., 2021). Complete loss of 
vision directly associated with infection is rarely reported. Of note, few 
studies provide detailed analyses of eye-related abnormalities in long 
COVID patients.

Acute COVID-19 infection has been associated with a relatively low, 
but significant, prevalence of auditory and vestibular symptoms, such as 
hearing loss, tinnitus, and dizziness (Jafari et al., 2022). As reflected 
with taste and smell, otologic symptoms have been frequently observed 
in female populations and tend to resolve quickly (Elibol, 2021; Ong and 
Cruz, 2022). While less prevalent than other persistent symptoms, 
audio-vestibular issues such as hearing loss and dizziness have been 
reported in approximately 10 % of long-COVID patients (Blomberg 
et al., 2021; Davis et al., 2021).

While risk factors for specific COVID-associated sensory symptoms 
vary, all appear to be at least partially associated with age. The effect of 
age on symptom presentation is most visible in children and adolescents, 
who appear to experience milder symptomology from SARS-CoV-2 
infection generally and display markedly higher rates of asymptomatic 
infection compared to adults (Ma et al., 2021; Nikolopoulou and Mal
tezou, 2022). As a result, while children are still seen to suffer from 
COVID-associated anosmia—and in fact, this can oftentimes be the only 
symptom that is experienced by children during SARS-CoV-2 infec
tion—incidence appears lower than what is seen in adult populations, 
which is estimated to occur in 15–20 % of infected children (Púa 
Torrejón et al., 2022; Yan et al., 2021). While other sensory disturbances 
such as myalgias and headaches also appear less commonly in children, 
smaller cohort studies have suggested that these symptoms are more 
likely to present in children suffering from other symptomologies, such 
as fever or smell loss (Púa Torrejón et al., 2022). Further, rarer sensory 
disturbances such as visual and otologic impairment appear to present 
even more uncommonly in children and are often only described in case 
studies (Chrysouli et al., 2024). While data on persistent sensory ab
normalities in children is limited, preliminary cohort studies of children 
have demonstrated that some somatosensory abnormalities with both 
clinical and subclinical presentations can last for 2–4 months beyond 
initial infection. However, prevalence of persistent sensory sympto
mology appears rarer in pediatric populations compared to adult pop
ulations (Eitner et al., 2022).

Studies into the effects of age beyond childhood on sensory abnor
malities have shown mixed results and are complicated by the fact that 
elderly individuals already show enhanced sensory impairment 
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compared to younger adult populations at baseline. For instance, 
increased age has long been known to be associated with reduced smell 
and taste sensation in otherwise healthy individuals (Chen et al., 2022; 
Doty et al., 1984). When age has been taken into account as a covariate 
of SARS-CoV-2 infection, some studies found that it did not appear to 
associate with COVID-19-related taste or smell alteration (Liu et al., 
2022; Sharetts et al., 2024); however, others found that older patients 
may be less likely to lose smell/taste compared to younger adults 
(Coelho et al., 2022).

Throughout the pandemic, SARS-CoV-2 has also undergone muta
genesis to form new viral variant strains that have been found to exhibit 
differential pathogenicity. Of note, it has also been reported that distinct 
variant strains may have varied capacity to induce sensory abnormal
ities. For instance, there is evidence that later omicron variant strains 
may have a reduced capacity to induce anosmia compared to the delta 
and alpha variant strains that were predominant in the early pandemic. 
Curiously, different variant strains all appear to induce similar levels of 
somatosensory symptoms such as myalgias (Vihta et al., 2023). Despite 
this evidence, the impact of viral variants is difficult to interpret in large 
population studies, as variants that emerged later in the pandemic were 
also likely to infect a more immune-experienced population—either due 
to vaccination or prior SARS-CoV-2 exposure. These studies are also 
difficult to interpret given that evidence remains mixed as to whether 
prior infection leads to reduction in risk of anosmia or other sensory 
symptoms. Indeed, animal models of anosmia show that hamsters can 

still experience smell loss after vaccination (Reyna et al., 2023) – a 
finding which has also been verified in studies of vaccinated human 
patients (Vaira et al., 2022). However, the severity and temporality of 
anosmia was not assessed in these studies. Thus, it remains unclear how 
protective existing SARS-CoV-2 immunity is against the development of 
sensory abnormalities.

3. Molecular mechanisms associated with sensory perturbations

When considering pre-clinical disease models for this review, we 
chose to focus on models that did not require host genetic modification 
to enable infection, such as the golden hamster model, as the distribu
tion of key SARS-CoV-2 infection-associated molecules in models such as 
hACE2-expressing mice are not necessarily reflective of naturally 
occurring expression levels and/or location of expression (Casel et al., 
2021). While these models are a valuable resource for increasing access 
to SARS-CoV-2 research and studying the effects of viral binding at the 
human ACE2 receptor, humanized animal models can lead to increased 
lethality and susceptibility to infection in resistant cellular populations, 
such as CNS neurons. While this adds several confounding factors when 
attempting to draw nervous system-level and behavioral conclusions, 
these models can transcriptionally present similarly to humans in tissues 
such as the lung (Chen et al., 2024). Additionally, while several studies 
use sub-genomic RNA (sgRNA) as a putative biomarker of active infec
tion, we acknowledge that recent reports suggest this is not necessarily 

Fig. 1. Illustration of major mechanistic underpinnings of acute and persistent COVID-19-associated sensory symptoms. Abbreviations: OB = olfactory bulb, OE =
olfactory epithelium, TRC = taste receptor cells, DRG = dorsal root ganglion, TG = trigeminal ganglion.
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the case, and sgRNA presence may be a result of abortive infection, 
systemic dissemination and deposition of viral RNA (RNAemia), or ev
idence of debris from prior infection that is maintained due to host 
nuclease resistance (Alexandersen et al., 2020; Arkin et al., 2024; Carrau 
et al., 2023). A visual summary of our findings is available for reference 
in Fig. 1.

3.1. Olfactory system

Several SARS-CoV-2-associated mechanisms have been proposed for 
clinical presentation of acute and persistent anosmia, which have been 
reviewed at length (Butowt et al., 2023; Najafloo et al., 2021; Tsukahara 
et al., 2023). These hypotheses revolve around changes in either struc
ture and/or function of the olfactory epithelium, olfactory bulb, and 
networks connected with the bulb and olfactory cortex, as well as 
persistently dysregulated immune responses in the same tissues.

Pathogenesis of anosmia is largely thought to initiate in the olfactory 
epithelium. The olfactory epithelial layer can be found in the superior- 
posterior aspect of the nasal cavity and is comprised of a mixed popu
lation of cells that notably includes olfactory sensory neurons (OSNs) 
and sustentacular cells as well as their stem-cell progenitors. Primary 
olfactory sensation is initiated in the OSNs, which express olfactory re
ceptors on ciliary processes that extend into the nasal cavity and bind 
odorant molecules present in inspired air. OSNs are assisted in this ac
tivity by sustentacular cells, which provide metabolic and structural 
support to the OSNs and wider olfactory epithelium. The olfactory 
epithelium undergoes infection during SARS-CoV-2 infection in both 
humans and animal models such as the golden hamster (Frere et al., 
2022; Khani et al., 2021; Reyna et al., 2022). Importantly, across spe
cies, OSNs themselves have been observed to be largely resistant to 
SARS-CoV-2 infection due to their minimal expression of ACE2; how
ever, sustentacular cells express large amounts of ACE2 and are thus 
highly susceptible to infection (Zazhytska et al., 2022). Various studies 
have found that infected sustentacular cells express significant amounts 
of antiviral and proinflammatory cytokines—such as type I, II, and III 
interferons (M. A.M. Khan et al., 2022; Zazhytska et al., 2022). This 
immune signaling, in turn, drives enhanced recruitment of immune cells 
such as monocytes and neutrophils into the olfactory epithelium during 
acute SARS-CoV-2 infection. OSNs, while resistant to direct SARS-CoV-2 
infection, are heavily stimulated by surrounding virus-induced immune 
signaling. This signaling can induce epigenetic changes in OSNs which 
can further induce the silencing of olfactory receptor loci. This, in turn, 
results in lower expression of olfactory receptor proteins and impairs the 
ability of OSNs to detect odorant molecules and initiate neural smell 
sensation signaling cascades—leading to anosmia (Zazhytska et al., 
2022). Additional studies of OSNs during SARS-CoV-2 infection have 
shown that while not infected, this cell population appears histologically 
damaged during acute infection; while the mechanism behind this 
damage remains unclear, recent studies have suggested that it may be a 
result of stress from loss of sustentacular cell support (Verma et al., 
2022) or immune-mediated toxicity (Frere et al., 2022; Zazhytska et al., 
2022).

While studies in animal models (de Melo et al., 2021; Frere et al., 
2022; Reyna et al., 2022) and humans (A. M. M. Khan et al., 2022) have 
shown that smell sensation usually recovers following the clearance of 
infection, a significant population of COVID-19 patients have reported 
suffering from chronic anosmia that can last anywhere from days to 
years following infection clearance. The drivers of this persistence are 
currently unclear; however, initial studies have suggested that 
infection-induced structural abnormalities, persistent inflammatory 
processes, and prolonged viral infection may contribute to dysfunction 
of both peripheral and central processing of olfactory stimuli.

Regarding structural abnormalities, studies have found that post- 
COVID patients that experienced anosmia had measurable damage sig
natures in their olfactory bulbs as well as a significant reduction in ol
factory bulb volume compared to control subjects (Kandemirli et al., 

2021). Other studies have identified post-COVID damage in brain re
gions connected to the olfactory processing structures, such as the pri
mary olfactory cortex (Douaud et al., 2022). Along these lines, some 
studies have suggested that post-COVID patients may experience altered 
functional connectivity within olfactory networks (de Bispo et al., 
2023). Together, these described changes suggest prolonged alterations 
of signaling along central nervous system olfactory networks following 
anosmia associated with acute SARS-CoV-2 infection; however, at this 
time, it remains unclear how these structural changes affect smell 
sensation and how they may contribute to prolonged anosmia.

Studies have demonstrated that SARS-CoV-2 infection leads to 
inflammation of olfaction-related neural structures during acute infec
tion. While this inflammation has been noted to be most severe in the 
olfactory epithelium (where infection is most prominent) (Carrau et al., 
2023; de Melo et al., 2021; Frere et al., 2022; Zazhytska et al., 2022), 
olfactory bulb tissues also show robust inflammation during COV
ID-19—even if viral presence is minimal in these tissues (de Melo et al., 
2021; Frere et al., 2022; Radke et al., 2024). These inflammatory pro
cesses in the olfactory bulbs have, in turn, been associated with reduced 
neural activity in the olfactory bulbs during acute infection periods 
(Verma et al., 2022). Notably, these inflammatory processes appear to 
persist in the olfactory bulbs beyond the time of infection clearance, and 
studies utilizing both human post-mortem tissues and hamster animal 
models have demonstrated persistent inflammation of the olfactory bulb 
after SARS-CoV-2 infection (Käufer et al., 2022; Kishimoto-Urata et al., 
2022). This inflammation has been associated with prolonged glial 
activation (Käufer et al., 2022; Kishimoto-Urata et al., 2022), as well as 
infiltration of circulating immune cells such as myeloid and T cells 
(Frere et al., 2022; Schwabenland et al., 2021). Furthermore, studies 
characterizing the olfactory epithelial tissues of post-COVID patients 
have shown that a subset of patients suffering from chronic anosmia 
appear to show heightened and prolonged immune responses compared 
to post-COVID patients not suffering from chronic anosmia (Finlay et al., 
2022). These prolonged olfactory epithelial immune responses were 
notably found to include heightened infiltration of T cells—a finding 
also seen in studies characterizing olfactory epithelium of post-COVID 
animal models (Finlay et al., 2022; Frere et al., 2022). In all, these 
studies suggest that chronic inflammatory processes may be seen 
throughout the olfactory system following SARS-CoV-2 infection. While 
the direct mechanism by which prolonged inflammation may contribute 
to chronic anosmia or other post-COVID symptomology is unclear, 
existing studies suggest that persistent post-COVID anosmia could be 
driven by processes spanning across both the central and peripheral 
nervous systems.

Investigations into the source of chronic inflammation in post-COVID 
patients have generated mixed results. While some sources identify re
sidual viral reservoirs as the culprit for ongoing immune responses (de 
Melo et al., 2021), others have implicated aberrant activation of com
plement and thrombotic machinery (Cervia-Hasler et al., 2024), 
microvascular ischemic injury (Rutkai et al., 2022), reactivation of 
latent herpes viruses (Davis et al., 2023), autoimmunity (Ehrenfeld 
et al., 2020), residual viral or cellular debris (Carrau et al., 2023; Frere 
et al., 2022; Hoagland et al., 2021), and additional mechanisms (Davis 
et al., 2023) as potential drivers. Investigations specifically into drivers 
of continued olfactory inflammation have shown evidence for continued 
viral reservoirs in the olfactory epithelium of patients with chronic 
anosmia (de Melo et al., 2021).

Further, other studies have found that while the olfactory bulbs 
themselves appear to be rarely infected during acute SARS-CoV-2 
infection, viral RNA is able to permeate this tissue (Frere et al., 2022; 
Meinhardt et al., 2021; Shimizu et al., 2024; Stein et al., 2022). It re
mains to be elucidated whether this phenomenon is a product of mild or 
abortive infection or is otherwise a result of the well-described phe
nomenon of SARS-CoV-2 RNAemia, which results in systemic deposition 
of viral RNA during acute infection. Although preliminary, some in
vestigations have demonstrated that viral RNA alone may be sufficient 
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to induce robust and potentially prolonged pathological effects (Arkin 
et al., 2024; Ram-Mohan et al., 2022; Rombauts et al., 2023). Other 
studies looking to assess the implications of structural anomalies 
induced by SARS-CoV-2 infection have suggested that the increased 
presence of peripheral immune cells in regions such as the olfactory bulb 
both during and following infection may be due to blood-brain (Erickson 
et al., 2021) or blood-cerebral spinal fluid barrier disruption (Pellegrini 
et al., 2020), although most of the research on this topic has relied on in 
vitro chip models or organoids.

Potential evidence-based therapeutic interventions for altered sense of 
smell have been directed towards attenuation of inflammatory responses 
in the olfactory system. These approaches include inhaled corticosteroids, 
phosphodiesterase inhibitors, statins, palmitoylethanolamide (PEA) and 
luteolin (LUT), and various neuroprotective agents including cerebrolysin 
(Khani et al., 2021). While many of these strategies have not been tested 
in well-designed, rigorous clinical studies for the treatment of COVID-19, 
several blinded, randomized trials are currently underway on the utility of 
vitamin A, omega-3 fatty acid, gabapentin, theophylline, hesperidin, 
ophtamesone, and PEA-LUT for the treatment of olfactory dysfunction 
after COVID-19 (Riccardi et al., 2023). Of note, one randomized 
double-blind placebo-controlled study found that longitudinal adminis
tration of nasal betamethasone had no effect on recovery from anosmia 
(Rashid et al., 2021). Similarly, another randomized trial found that 
longitudinal treatment with nasal mometasone furoate yielded no bene
fits compared to a control group (Abdelalim et al., 2021). However, in a 
triple-blinded randomized trial, Gupta et al. found improved self-reported 
olfactory function after nasal irrigation with the methylxanthine, 
theophylline (Gupta et al., 2022). Furthermore, treatment with 
ultra-micronized PEA-LUT and olfactory training markedly improved 
odor identification scores compared to PEA-LUT or olfactory training 
alone, suggesting a need for more complex therapy regimens that involves 
neuro-plastic pathways (Di Stadio et al., 2023). Accordingly, Hamed et al. 
found that cerebrolysin, a neurotrophic peptide, with olfactory and gus
tatory training improved deficits more effectively than training alone 
(Hamed and Ahmed, 2023). These data suggest that prolonged anosmia 
after SARS-CoV-2 infection is underpinned by a complex pathology that 
may involve processes occurring in both central and peripheral nervous 
tissue. The roles of distinct pro-inflammatory molecules and cellular 
subtypes must be elucidated further to develop targeted immunomodu
latory strategies.

3.2. Gustatory system

Clinical studies have demonstrated infection of cells in the fungiform 
papillae of the tongue, and abnormal gustation has been associated with 
SARS-CoV-2-mediated inflammation and perturbation of taste bud and 
innervating sensory fiber architecture (Yao et al., 2023). Specifically, 
ACE2 is enriched in type II taste receptor cells, which have shown sus
ceptibility to SARS-CoV-2 infection in humans with associated taste 
changes after onset of COVID-19 (Doyle et al., 2021). SARS-CoV-2 
infection was also associated with disrupted stem cell layer function 
(Doyle et al., 2021). This aligns with a recent report suggesting that loss 
of “bitter” taste was the most prevalent form of longitudinal ageusia in 
COVID-19 patients (Rogn et al., 2024). One single-cell RNA sequencing 
study found evidence of SARS-CoV-2 infection of human salivary oral 
glands and mucosae and found that salivary viral burden correlated with 
taste loss (Huang et al., 2021). Pre-clinical evidence also suggests that 
SARS-CoV-2 spike proteins can induce degeneration/apoptosis of rodent 
taste bud cells (Yamamoto et al., 2023). Interestingly, humans with the 
bitter taste receptor T2R38 allelic variant have been shown to mount a 
stronger innate immune response to SARS-CoV-2 (Barham et al., 2021), 
likely because of its presence on cilia of various cells in the upper res
piratory system and role in nitric oxide-dependent immune activation 
(Cohen, 2017).

While many studies have demonstrated high expression of SARS- 
CoV-2 entry molecules in the oral cavity (Sakaguchi et al., 2020; Sawa 

et al., 2021), few studies have outlined tangible molecular mechanisms 
affecting taste as a consequence of this vulnerability. Additionally, most 
studies appear to link anosmia with ageusia/dysgeusia. While this 
strategy has merit based on the interconnectedness of the two senses and 
reports of overlapping symptoms during and after COVID-19 (Rogn 
et al., 2024; Vaira et al., 2020), it may distract from distinct pathological 
mechanisms based on the data discussed above.

Proposed therapeutic interventions for taste abnormalities such as 
dysgeusia are similar to those suggested for olfactory dysfunction, such 
as anti-inflammatory agents (Khani et al., 2021). Other strategies eval
uated in randomized clinical trials include vitamin D supplementation, 
which was found to reduce time to recovery from gustatory sensory loss 
(Sabico et al., 2021), and the cerebrolysin study mentioned above 
(Hamed and Ahmed, 2023). A notable limitation of clinical efforts to 
treat taste dysfunction is the relatively rapid recovery in a majority of 
patients without intervention, emphasizing the need for symptom onset 
standardization. Unfortunately, most studies on this topic were either 
case studies or control-free studies.

3.3. Somatosensory system

Altered somatosensation is a common component of various viral 
infections, often acutely presenting as painful symptoms such as 
myalgia. Recent reports have demonstrated that persistent pain is one of 
the most prevalent presentations of long-COVID (Aiyegbusi et al., 2021; 
Kerzhner et al., 2024), yet relatively few studies have been performed on 
the peripheral nervous system or regions of the CNS that are crucial for 
pain processing.

Neurons from the somatosensory ganglia are largely responsible for 
initiating pain signaling to the spinal cord and higher brain centers, with 
the dorsal root ganglia (DRG) and the trigeminal ganglia (TG) serving as 
the major hubs for peripheral nociceptors involved in pain transduction. 
Pre-clinical studies in golden hamsters have shown that SARS-CoV-2 
infection causes time-dependent gene expression changes in the DRG 
(Serafini et al., 2023b). Behaviorally, these changes resulted in attenu
ated mechanical hypersensitivity during active infection compared to 
other viruses, such as Influenza A, but persistent hypersensitivity well 
after viral clearance. Pre-clinical evidence suggests that the SARS-CoV-2 
spike protein may be capable of interrupting virus-induced vascular 
endothelial growth factor A (VEGF-A) interaction with the neuropilin-1 
receptor, which is pro-nociceptive, thus attenuating acute hypersensi
tivity after infection (Moutal et al., 2021). Combined, these mechanisms 
might provide insights as to why several studies have observed a rela
tively high incidence of asymptomatic COVID-19 (Gao et al., 2021). 
However, several clinical studies have also found robust pain profiles 
during the acute phase of COVID-19 (Cascella et al., 2021), suggesting 
some yet-to-be-defined mechanisms of symptom heterogeneity exist. 
Aside from persistently altered DRG transcriptomics, additional pro
posed mechanisms for new onset or increased pain include small fiber 
neuropathy, peripheral demyelination, and systemic inflammation 
(Abrams et al., 2021; Uncini et al., 2021). The combination of these 
pathologies is generally observed in Guillain-Barré syndrome, which 
had a high incidence during the COVID-19 pandemic and was believed 
to be primarily sensorimotor demyelinating in nature (Uncini et al., 
2020). In addition, levels of circulating interleukin 10, an immuno
modulatory interleukin, were also negatively associated with the pres
ence of painful symptoms during the course of COVID-19 (Bussmann 
et al., 2022), emphasizing the role of systemic inflammation in pain 
persistence.

The TG is a major regulator of painful symptoms involving the head 
and face. Headaches are prevalent in COVID-19 patients (Caronna et al., 
2023; López et al., 2020) and may be a predictor of long-term symptoms 
including fatigue (Fernández-de-las-Peñas et al., 2021). Trigeminal 
neuropathy and corneal pain are facial pain conditions that have been 
reported in COVID-19 patients (O’Neill et al., 2023; Woltsche et al., 
2023). The effects of SARS-CoV-2 on the TG are still largely unknown. 
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Preclinical studies in golden hamsters have demonstrated 
time-dependent changes in TG transcriptional profiles (Frere et al., 
2022). In alignment with a more robust acute transcriptional signature, 
others have found additional potential mechanisms of TG neuron 
sensitization, including viral proteases (Mali et al., 2024).

Overall, few pre-clinical and clinical studies have attempted to 
measure the presence of SARS-CoV-2 in the DRG (Joyce et al., 2023; 
Serafini et al., 2023b) and TG (Frere et al., 2022; Meinhardt et al., 2021), 
with most focusing on RNA expression. This lack of data, which is most 
likely due to difficulty accessing these tissues, contributes to the ongoing 
debate as to whether the systemic effects of SARS-CoV-2 infection are 
due to neuro-invasion and nerve-mediated viral transmission or un
controlled systemic inflammation. Direct viral infection of these regions 
is conceivable, given evidence of ACE2 expression in several cell sub
types in the DRG and TG (McFarland et al., 2021). A clinical autopsy 
study also found subgenomic RNA in sciatic nerve, suggesting potential 
infection in the somatosensory PNS (Stein et al., 2022), and one 
pre-clinical study found spike protein in hamster DRG and TG neurons 
(Joyce et al., 2023).

Other regions of the pain transduction pathway that have been 
perturbed after SARS-CoV-2 infection in pre-clinical and clinical studies 
include the spinal cord (Garg et al., 2021; Serafini et al., 2023a; Stein 
et al., 2022), periaqueductal grey (Jin et al., 2024), thalamus (Frere 
et al., 2022; Stein et al., 2022), prefrontal cortex (Frere et al., 2022; 
Voruz et al., 2023), striatum (Frere et al., 2022; Guarnieri et al., 2023), 
anterior cingulate cortex (Douaud et al., 2022), and amygdala (Serrano 
et al., 2022). Furthermore, a large body of research has highlighted sex 
specificity in pain predisposition and underlying mechanisms, particu
larly inflammation-mediated onset and maintenance of pain (Gregus 
et al., 2021; Mogil, 2020). Accordingly, certain studies have found an 
increased incidence of acute and persistent COVID-19-associated 
thoracic musculoskeletal pain (Pelà et al., 2022) and increased 
post-COVID pain intensity (Fernández-de-las-Peñas et al., 2022) in fe
male patients. Given the heterogeneity of chronic pain mechanisms in 
general, it would be beneficial to perform further clinical and 
pre-clinical studies delineating peripheral and central nervous system 
contributions to long-COVID pain symptoms. Accordingly, the vari
ability in presentation of persistent COVID-19-induced pain has made it 
difficult to pursue a standardized treatment methodology, suggesting 
the need for a multimodal and personalized approach that uses both 
existing pharmacological and non-pharmacological methods 
(Fernández-de-las-Peñas et al., 2023).

3.4. Visual system

Pre-clinical and clinical reports have identified several ocular pa
thologies after SARS-CoV-2 infection. These include ultrastructural 
changes in regions such as the cornea (Kolkedi et al., 2022) and 
potentially vision-threatening pathologies such as retinal hemorrhages, 
cotton wool spots, retinal vein occlusions (Sen et al., 2022), and mac
ulopathies/neuroretinopathies (Invernizzi et al., 2020; Premi et al., 
2023). Newer evidence may directly link SARS-CoV-2 infection to pri
mary acute angle-closure glaucoma, due to abundant pro-inflammatory 
proteins in the aqueous humor (Gong et al., 2024). Sore eyes were also a 
relatively prevalent symptom in COVID-19 patients (Pardhan et al., 
2020).

Interestingly, the eye has been proposed as a route of infection, as 
several groups have noted a robust vulnerability of the cornea to SARS- 
CoV-2 (Casagrande et al., 2021; Eriksen et al., 2021). Viral particles 
have also been detected in the retina (Araujo-Silva et al., 2021; Casa
grande et al., 2020), and organoid models using human cells have sug
gested viral replication potential in various retinal cell subtypes 
(Menuchin-Lasowski et al., 2022). sgRNA has also been found in the 
optic nerves of patients, but in the absence of replication-competent 
virus/viral proteins (Casagrande et al., 2022). Interestingly, one study 
also found a high rate of PCR positivity by conjunctival swab, even in 

some patients that were negative by nasopharyngeal swab – although it 
was unclear whether this RNA was accompanied by infectious virus 
(Azzolini et al., 2021).

Treatment for ocular pathologies after COVID-19 infection has 
focused primarily on administering broad anti-inflammatory agents, 
such as corticosteroids, and topical/systemic antivirals (Yener, 2021). 
However, for certain pathologies in the posterior segment of the eye, 
such as vascular occlusions, early treatment with anticoagulants has 
been suggested (Sen et al., 2021). The heterogeneity of vision loss 
mechanisms and rare reporting of lasting visual symptoms directly 
attributable to COVID-19 have precluded standardized and 
well-controlled therapeutic investigations.

3.5. Auditory & vestibular system

As with other sensory systems, SARS-CoV-2 has also been associated 
with hearing abnormalities, such as hearing loss and tinnitus (Jafari 
et al., 2022; Maharaj et al., 2020). A detailed analysis of the efferent 
auditory system found that patients with COVID-19 had lower distortion 
product otoacoustic emission and contralateral suppression results, 
suggesting viral effects on the medial olivary complex and damage to 
higher frequency outer hair cells (Emekci et al., 2022). Of note, this 
group suggested that the absence of a major auditory system deficit does 
not preclude some level of SARS-CoV-2 induced damage – a note with 
particular relevance to patients that undergo a delayed onset of 
long-COVID or a phasic disease course. A separate study found similar 
otoacoustic emission results, as well as higher audiometry pure tone 
averages and video head impulse test vestibular deficits in COVID-19 
patients (Bozdemir et al., 2024). Early evidence suggests that 
SARS-CoV-2 may induce vestibular neuritis, possibly contributing to 
these symptoms (Mat et al., 2023). Work with human-derived cell lines 
has demonstrated susceptibility of inner ear cell subtypes to SARS-CoV-2 
infection (Jeong et al., 2021) and clinical evidence suggests that 
SARS-CoV-2 can infect components of the middle ear apparatus (Jeican 
et al., 2021; Kurabi et al., 2022).

Few studies exist for the treatment of sudden hearing loss due to 
COVID-19. Interestingly, one study compared intravenous steroid 
administration to intra-tympanic steroid administration and found no 
different in recovery rates when comparing patients with mild and se
vere hearing loss (Tsuda et al., 2023). However, no control group was 
included in this study. A notable confound regarding COVID-19-related 
hearing loss was the high rate of off-label ototoxic drug use, including 
hydroxychloroquine, which may have artificially elevated the perceived 
ototoxicity of SARS-CoV-2 (Prayuenyong et al., 2020).

4. Conclusion

In summary, this review synthesized recent literature on the epide
miology, molecular underpinnings, and early-stage therapeutic in
vestigations of sensory perturbations both during and after COVID-19 
infection. While direct infection of cells involved in the maintenance and 
function of sensory systems is either unclear or highly cell subtype- 
specific, substantial evidence exists for persistent, damaging immune 
responses across most of these systems. These responses often result in 
damage or apoptosis of sensory neurons, as well as transcriptional 
dysregulation. One limitation of this review is the omission of cortical/ 
subcortical brain regions that process sensory inputs, which can further 
explain distorted sensory perception and could elucidate alternative 
therapeutic strategies. Of note, no therapeutic intervention has received 
regulatory approval for the treatment of a COVID-19 induced sensory 
abnormality. Investigations of therapeutic strategies have focused pri
marily on treatment with local or systemic anti-inflammatory agents. 
This review therefore emphasizes the need for a more mechanistic un
derstanding of sensory defects, particularly in the gustatory, visual, and 
auditory systems, as well as increased efforts towards discovering tar
geted therapeutic strategies across all sensory modalities.
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Rößler, L., Goebel, H.H., Gelderblom, H.R., Martin, H., Nitsche, A., Schulz- 
Schaeffer, W.J., Hakroush, S., Winkler, M.S., Tampe, B., Scheibe, F., Körtvélyessy, P., 
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