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Abstract

Objectives: Coronavirus disease-2019 due to SARS-CoV-2 infection has been asso-

ciated with neurological and neuropsychiatric illnesses as well as auditory system

problems. In this study, we aimed to evaluate the impact of SARS-CoV-2 infection on

the central auditory system by assessing the hemodynamic activation changes using

functional near-infrared spectroscopy (fNIRS).

Methods: Three participants who had SARS-CoV-2 infection (study group) and four

participants who had no SARS-CoV-2 infection (control group) were included in the

study. During the auditory oddball task in which two different frequencies of tonal

stimulation were presented at 80 dB HL, the participants were asked to pay attention

to the rare tonal stimulation and mentally count these target stimuli throughout the

task. During this task, oxygenated hemodynamic response functions were evaluated

with fNIRS.

Results: Significantly increased oxygenated hemodynamic responses were observed

in both groups during the task (p < .05), which was significantly higher in the study

group (p< .05). SignificantlymoreHbOactivationwasobserved in thevmPFC, superior

temporal gyrus, and medial temporal gyrus in the study group compared to con-

trols (p < .05). Significantly higher hemodynamic activation was observed in the right

hemisphere in both groups, which was significantly higher in the study group (p< .05).

Conclusion:SARS-CoV-2 infectionsmay impact on central auditory processing or audi-

tory attention due to changes in oxyhemoglobin levels in the frontal and temporal brain

regions. It seems that SARS-CoV-2 infection is associated with an additional load on

neural activity, and difficulties in focusing in auditory attention, following speech and

hearing in noise as well as increased effort to perceive auditory cues.
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1 INTRODUCTION

The novel type of coronavirus due to SARS-CoV-2 infection has been

one of the major public health problems in worldwide. In the COVID-

19 pandemic, almost one third of the asymptomatic and the majority

of hospitalized cases have experienced post-COVID-19 problems at

different severities (Huang et al., 2021; Tenforde et al., 2022). The

“post-COVID-19 state” moniker has been proposed by the World

Health Organization (WHO) for fatigue and cognitive impairment, and

“post-acute sequelae of COVID-19” along with other persistent neu-

ropsychiatric and physical symptoms (Soriano et al., 2022). Fatigue

and cognitive impairment have been consistently reported to be some

of the most common and debilitating features of the post-COVID-

19 states (Davis et al., 2021; Marshall, 2020; Patient Led Research

Collaborative 2022).

It has been proposed that the subjects recovering from SARS-CoV-

2 infection could not focus on and process information temporarily

or permanently (Carod-Artal, 2021; Ceban et al., 2022). The con-

sequences of this situation might be difficulty in concentrating and

focusing, weakness in following and understanding speech, memory

loss, and weakness in listening skills. Similar conditions may also be

observed in people with hearing loss or auditory processing disor-

der, mild cognitive impairment, or executive dysfunction (Ceban et al.,

2022; Hampshire et al., 2021). Although the previous studies reported

that the auditory systems of people with SARS-CoV-2 infection have

been affected, these studies mainly focused on the peripheral auditory

system (Jafari et al., 2022; Mustafa, 2020; Sriwijitalai & Wiwan-

itkit, 2020; Trecca et al., 2020). However, the impact of SARS-CoV-2

infection on central auditory processing remains unclear.

Near-infrared spectroscopy (NIRS) is a noninvasive neuroimag-

ing technique that measures changes in oxygenation and cerebral

blood volume in the brain. The hemodynamic signal corresponding to

cerebral blood oxygenation changes are obtained by measuring the

absorption of near-infrared light through extra-cerebral and cerebral

tissue (Strait & Scheutz, 2014). It has been used to evaluate the cen-

tral auditory system in various contexts, demonstrating its importance

in understanding auditory function and dysfunction. In the litera-

ture, NIRS plays an important role in the evaluation of the central

auditory system and has been observed to provide noninvasive and

valuable information about auditory function, plasticity, and dysfunc-

tion (Calmels et al., 2022;Calmels et al., 2022;Zaramella et al., 2001). In

addition, the functional NIRSmethod (fNIRS) is frequently used during

tasks such as the oddball paradigm that requires attention to a spe-

cific target in repetitive stimulus sequences. The relationship between

the oddball task and fNIRS is primarily focused on studying event-

related hemodynamic responses in the brain during this cognitive task.

The oddball task is a widely used paradigm in cognitive neuroscience,

which involves presenting a series of stimuli, with occasional “oddball”

stimuli that differ from the majority of the stimuli. This task elicits spe-

cific neural responses which is associated with attention and cognitive

processing (McLinden et al., 2023).

The Montreal Cognitive Assessment (MoCA) evaluates various

cognitive domains, such as attention and concentration, executive

functions, memory, language, visuoconstructional skills, and orienta-

tion (Kang et al., 2018). This comprehensive assessment provides a

more holistic understanding of an individual’s cognitive abilities. In our

study, the MoCA test was applied to evaluate the cognitive abilities

of the participants in both groups and eliminate the possibility of an

underlying cognitive impairment. It consists of 30 points, and a score

of 26 or above is considered normal (Mahendran et al., 2015).

In this study, we hypothesized that the subjectswho had SARS-CoV-

2 infection might have oxygenation differences in the brain regions

associated with hearing and attention during the auditory cognitive

paradigm. In order to test this hypothesis, hemodynamic activation

changes of the frontal and bilateral temporal brain regions were

assessed using NIRS during the auditory oddball paradigm.

2 MATERIALS AND METHODS

This study was approved by the ethical committee of Istanbul Medipol

University (No: E-10840098-772.02-775).

2.1 Participants

The study group (COVID-19 (+)) comprised three subjects who had a

history of SARS-CoV-2 infection 113–403 (mean, 286) days prior to

this study. The subjects had positive polymerase chain reaction (PCR)

results from the nasal and pharyngeal swabs, and temporary anosmia

and taste disorders. They had no pulmonary involvement or dyspnea

necessitating respiratory support. Their ages ranged from 23 to 25

(mean, 24.3) years.

The control group (COVID-19 (−)) comprised four subjects who had

no history of SARS-CoV-2 infection, positive PCR result or known con-

tact with infected subjects. Their ages ranged from 23 to 46 (mean, 30)

years.

The study and control groups were comparable regarding their

ages, genders, and educational status. None of the subjects had any

neurological or auditory complaints when this study was performed.

2.2 Experimental design

We adopted an auditory-based oddball task that measures of atten-

tion. In the oddball paradigm, two standard stimuli (target and non-

target) were used. This paradigm included a total of 120 stimuli; 80

nontargets and 40 targets. The target and nontarget stimuli were same

with an 80 dB HL sound intensity. The nontarget stimulus frequency

was 1500 Hz, and the target stimulus frequency was 1650 Hz (10%

more than the nontarget frequency).

The auditory stimuli were provided by positioning a pair of loud-

speakers 1 m away from the subjects. The duration of the stimuli was

150 @@milliseconds (ms). The interval between stimuli was randomly

presented as 800–1000 ms. The rise and fall time of the stimuli was

5 ms. The participants counted the target stimuli mentally during the

paradigm. At the end of each experiment, the number of target stimuli

counted by the subject was noted (Figure 1).
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F IGURE 1 Oddball paradigm design.

2.3 Hemodynamic recording

NIRSCout extended (NIRxMedical Technologies, LLC.) devicewas used

for the fNIRSmeasurements of the participants. Optical data are based

on themodifiedBeer-Lambert law. (Cope et al., 1988). According to the

EEG10-10 system, 45NIRS channels were created. Eight sources (Fpz,

AF7, AF3, AF4, AF8, F3, Fz, and F4) and eight detectors (Fp1, Fp2, AFz,

AF6, F1, F2, F5, and F6) located on the frontal cortex, whereas eight

sources (FC5, FC6, T7, T8, CP5, CP6, P7, and P8) and eight detectors

(FT7, FT8, C5, C6, TP7, TP8, P5, and P6) located on the bilateral tem-

poral cortex (Figure 2). Detailed information about fNIRS channels is

shown in Table 1.

To determine the anatomical locations ofNIRS channels, the “spatial

registration of NIRS channel locations” function of the NIRSite 2020.7

software was used. The optodes were placed on the scalp using an

elastic cap. Two detector optodes are placed at a distance of 30 mm

from the source optodes. Rays of two different wavelengths were sent

from the source optodes, 760 and 850 nm, and the rays were detected

by the detector. HbO2 signals were used in the analysis, as HbO2 is a

more reliable indicator of cortical activation (Dravida et al., 2018). Sta-

tistical analysis of the hemodynamic response functions (HRFs) of the

obtained HbO2 cortical activation wasmeasured.

2.4 Statistical analysis

Oxygenated hemoglobin concentration changes were recorded with

the NIRStar Acquisition software, and the data were analyzedwith the

MATLAB-basedHOMER-3 program (TheMathWorks). A band pass fil-

ter with a low cut-off frequency of 0 Hz and a high cut-off frequency

of 0.5 Hz was applied to the raw data to delete cardiac, respiratory,

motor noise, and unwanted time series. To correct the motion artifacts

of the participants during the experiment, the “motion correctwavelet”

process was applied. For the experimental setup, HRF between 0 and

20 s after the stimulus was calculated, and between −2 and 0 s were

evaluated for based HRF values.

SPSS version 26.0 software (SPSS Inc.) was used for statistical anal-

ysis of oxyhemoglobin concentration values calculated as a result of

HOMER-3 analysis. The suitability of the data sets obtained in theHRF

evaluation to normal distributionwas examinedwith the Kolmogorov–

SmirnovTest. As a result of the analysis, itwasdetermined that thedata

showed a normal distribution and Independent Sample t-test was used

to determine the significance between the HRF values between the

groups. Mann–Whitney U test was used to determine the difference

in age, educational status, and MoCA test score between the groups.

p< .05 was determined as significance level.

3 RESULTS

3.1 Behavioral performance

There was no significant difference between the study and control

groups in terms of age, gender, MoCA scores, and total number of

targets specified in the auditory oddball task (Table 2).

3.2 fNIRS analyses

Hemodynamic recordings were taken from a total of 45-channel

optodes placed on the frontal and temporal cortex during the auditory

oddball task.

(i) When the HRF of HbOwas compared between the groups before

the auditory task, no significant difference was observed in any of

the channels (p> .05).

(ii) When the HRF of HbO was compared between the groups after

the auditory task, a significant difference was observed in chan-

nels 1, 4–6, 9, 12–15, 17, 21, 23–27, 29, 32, 33, 35–38, 40–43, and

44 (p< .05).

(iii) When the before and after auditory task HRFs of HbOwere com-

pared in the control group, a significant difference was observed

in channels 5, 8, 11, 14, 17–22, 26, 28–31, 35, 36, 39, 41, 42, and

43 (p< .05).

(iv) When the before and after auditory stimulus HRFs of HbO

were compared in the study group, a significant difference was
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F IGURE 2 Functional near-infrared spectroscopy (fNIRS) channels configuration and photon sensitivity profile. Each red number corresponds
to a light source, whereas each blue number represents a detector.

observed in channels 1, 4–16, 20–33, 35–43, and 44 (p< .05). The

mean and standard deviation information of these comparisons

are shown in Table 3.

When the HRFs of HbO values measured before the auditory

task were compared, there was no significant difference between the

groups (p > .05). However, after the auditory task was initiated, a sig-

nificant difference was observed between the groups (Figure 3). A

significant increase in HRF of HbO was observed in both groups after

the auditory task. This increase was higher in the study group (Table 3)

(Figure 4).

Hemodynamic activation changes of the right and left hemispheres

were not significantly different before the auditory task in both groups.

However, after the task, it was shown that the hemodynamic activation
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TABLE 1 Brain regions to which functional near-infrared spectroscopy (fNIRS) channels correspond.

Channels

Channel coordinates

(MNI) Label name Channels

Channel coordinates

(MNI) Label name

CH 1 −10 63−1 L vmPFC CH24 −55 32 20 L IFG

CH2 14 69−4 R vmPFC CH25 −50 10 10 L IFG

CH3 2 53 10 mPFC CH26 −41 7 24 L IFG

CH4 −30 64−4 L vmPFC CH27 −40−6−5 L STG

CH5 −33 46 1 L dlPFC CH28 −48−14 9 L STG

CH6 −23 68 4 L vmPFC CH29 −49−27−7 LMTG

CH7 −12 67 21 mPFC CH30 −48−22 27 LRO

CH8 −25 46 8 L dlPFC CH31 −54−39 13 L STG

CH9 25 54 4 R vmPFC CH32 −51−50 27 L SMG

CH10 16 70 25 mPFC CH33 −46−46−5 LMTG

CH11 40 54 10 R dlPFC CH34 −47−57 15 LMTG

CH12 34 65 10 R dlPFC CH35 54 30 18 R IFG

CH13 27 53 0 R vmPFC CH36 59 12 8 R IFG

CH14 51 53 1 R dlPFC CH37 56 7 22 R IFG

CH15 42 59 0 R dlPFC CH38 56 1−6 R STG

CH16 −32 34 16 L dlPFC CH39 63−10 8 R STG

CH17 −14 37 27 L dlPFC CH40 53−26−8 RMTG

CH18 2 43 24 mPFC CH41 60−21 26 R SMG

CH19 −2 36 33 mPFC CH42 65−40 13 R STG

CH20 14 52 51 mPFC CH43 58−49 29 R SMG

CH21 29 49 40 R dlPFC CH44 60−47−2 RMTG

CH22 43 37 19 R dlPFC CH45 63−62 16 RMTG

CH23 32 49 11 R dlPFC

Abbreviations: CH, channel; dlPFC, dorsolateral prefrontal cortex; IFG, inferior frontal gyrus; L, left; mPFC, medial prefrontal cortex; MTG, medial temporal

gyrus; R, right; RO, rolandic operculum; SMG, supramarginal gyrus; STG, superior temporal gyrus; vmPFC, ventromedial prefrontal cortex.

F IGURE 3 Hemodynamic response functions differences between groups in the before and after the task (*p< .05).
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TABLE 2 Demographic profiles of the participants.

VARIABLE Control group Study group p

Gender (male/female) 3/1 0/3 .066

Age (mean± SD) 30.5± 10.4 24.3± 1.1 .271

MoCA scores (mean± SD) 29.5± 0.57 29.3± 0.57 .683

F IGURE 4 Hemodynamic response function differences between
the tasks in the groups (*p< .05).

F IGURE 5 Hemodynamic activation changes in the right and left
hemispheres after the auditory stimuli (*p< .05).

change in the right hemisphere was significantly higher compared to

left hemisphere inbothgroups,whichwasespecially higher in the study

group (p< .05) (Figure 5).

When the HbO activation of the groups were compared before and

after the auditory stimulus, an increasedHbO activation was observed

in the left and right vmPFC regions of the frontal lobe as well as

temporal lobe in the study group (Figure 6).

4 DISCUSSION

This study revealed the brain hemodynamic activation change during

auditory attention skills of young people who had SARS-CoV-2 infec-

tion. Our results showed that during the task, significantly increased

oxygenated brain hemodynamic activation responses were obtained

in the subjects who had SARS-CoV-2 infection when compared to

controls. There was significantly higher hemodynamic activation in

the vmPFC region of the frontal lobe and superior temporal gyrus

(STG) and medial temporal gyrus (MTG) brain regions of the temporal

lobes bilaterally in the study group. In addition, significant hemo-

dynamic activation differences were observed between the cerebral

hemispheres in the study and control groups during the auditory atten-

tion task, and this activation was higher in the right hemisphere as well

as in the study group. It should also be noted that, no significant dif-

ference was detected in the results of the MoCA test, in which we

tested whether there were differences between groups in terms of

cognitive functions. Therefore, increased HRF in the temporal and

frontal regions in the study group may be a possible result of com-

pensating for attention and working memory deficits in the study

group.

Studies using the oddball paradigm on healthy participants have

revealed significant differences in HRF to the target and nontarget

auditory stimuli in different parts of the brain. fMRI and EEG neu-

roimaging methods to show brain regions involved in auditory target

detection have shown activation in bilateral inferior frontal gyrus, dor-

solateral prefrontal cortex, ventrolateral prefrontal cortex, inferior

parietal lobe, inferior, middle and STG, supramarginal gyrus, insula,

cingulate gyrus, and hippocampus (Halgren et al., 1998; Kiehl et al.,

2001). An fMRI study in which the consistencies of the auditory odd-

ball paradigm task and the related task in the brain region were

investigated in healthy subjects revealed that significant hemodynamic

activation was observed in the bilateral lateral frontal cortex and bilat-

eral inferior parietal cortex (Kiehl & Liddle, 2003). As parallel with the

previous studies, our study also revealed hemodynamic activation in

the frontal and bilateral temporal lobes in both of the study and control

groups following the analyses of cognitive auditory stimuli. The result-

ing hemodynamic activation was higher in the study group. These data

are consistent with Sonkaya’s study, which found that the basal blood

flow rates after SARS-CoV-2 infection were higher than the healthy

controls (Sonkaya et al., 2021). Previous studies performed by using

different neuroimaging methods and biomarkers revealed cognitive

deficits in SARS-CoV-2 infections as well (Akıncı et al., 2022).

It was reported that neurological symptoms like seizures and MRI

perfusion abnormalities could be observed in the majority of indi-

viduals after SARS-CoV-2 infection, and these might be associated

with hypoxic-ischemic encephalopathy (Chougar et al., 2020). One of

the most common findings in the acute phase of the SARS-CoV-2

infection can be the presence of rhythmic delta waves in the frontal

lobes, irregularity in background activity, and epileptiform discharges

(Antony & Haneef, 2020; Santos De Lima et al., 2021; Vespignani et al.,

2020). However, in some cases, hypoperfusion can also be observed

in the frontal and temporal lobes (Lambrecq et al., 2021; Zhan et al.,

2020; Patient Led Research Collaborative 2022; Helms et al., 2020;

Galanopoulou et al., 2020), and it has been shown that nonhospi-

talized patients have detrimental effects on brain structures such as

impairments in olfactory-related regions, the functionally connected

areas to the temporal piriform cortex, and a diffusion index in the
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TABLE 3 Comparison of hemodynamic response function (HRF) HbO changes between groups before/after auditory task.

fNIRS comparisons HRF of HbO(Mean± SD) p

(i) Before the taskControl vs. study group 3.24 E+ 04± 1.84 E+ 06vs.8.17 E+ 03± 1.85 E+ 06 >.05

(ii) After the taskcontrol vs. study group 2.29 E+ 05± 3.55 E+ 06vs.6.96 E+ 05± 5.29 E+ 06 <.05

(iii) Control groupBefore vs. after the task 3.24 E+ 04± 1.84 E+ 06vs.2.29 E+ 05± 3.55 E+ 06 <.05

(iv) Study groupBefore vs. after the task 8.17 E+ 03± 1.85 E+ 06vs.6.96 E+ 05± 5.29 E+ 06 <.05

Note: E+ 0xmeans “extra count by x times.”

F IGURE 6 Representation and comparison of oxygenated hemodynamic response function (HRF) in micromolar unit with brain activations
before and after auditory task (from left to right, right temporal region, frontal region, and left temporal region, respectively). It is important to
consider the colormap values on the right; although the values are 10−9 in the before the auditory task visual, these are expressed as 10−8 in the
after the auditory task. It is stated here that there is a more increase in HRF value after the task in the COVID-19 (+) group, and this is observed
more in the right hemisphere.
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superior fronto-occipital fasciculus (Douaud et al., 2022). fMRI studies

have shown a widespread reduction in greater gray matter thickness

in the frontoparietal and temporal regions of patients with SASRS-

CoV-2 infection, which may secondarily affect the frontal–temporal

network due to increased body temperature or lack of oxygen during

the disease (Duan et al., 2021; Abdallah, 2021). In line with these find-

ings, our current study found that significantly increased HRF in the

vmPFC region of the frontal lobe and STGandMTGbrain regions in the

bilateral temporal lobe in the study group during auditory attention.

This finding is consistent with the central auditory processing disor-

der result consistent which evaluated auditory attention in a patient

with normal hearing following SARS-CoV-2 infection (Andreeva et al.,

2022). The vmPFC regions are associatedwith higherworkingmemory

performance during working memory retention phase, and vmPFC is

associated with higher working memory performance during encoding

phase (Mukahirwa et al., 2021; Krawczyk, 2002); moreover, there are

neuroimaging studies showing that STG has a strong connection with

speech flow in the presence of background noise, which has a signifi-

cant contribution to cognitive function (Stevens et al., 2000), and that

MTG, which has functions such as voice recognition, language process-

ing, understandable speech, andverbalmental arithmetic processing, is

activeduring auditory target detection (Stevenset al., 2005;Kiehl et al.,

2005; Xuet al., 2015). Considering the cognitive and auditory functions

of vmPFC, STG, and MTG, together with the findings obtained in our

study, it can be thought that SARS-CoV-2 infection has an effect on

hearing-related attentionmechanisms.

Functional asymmetries are neural activities that are stronger in

one cerebral hemisphere than in the other. The evidence from neu-

roimaging studies suggests that the right hemisphere of the human

brain may be more specialized for attention than the left hemisphere.

According to fMRI studies, in which the activities of hemispheres

were investigated in the auditory oddball paradigm, a greater activity

could be detected in the right hemisphere compared with the activ-

ities in the left anterior, temporal, and parietal lobes (Stevens et al.,

2005). These results are also consistent with the studies in which

the oddball paradigm effect on event-related potentials and mismatch

negativity with electroencephalography was investigated (Alexander

et al., 1996; Oades et al., 1995; Rinne et al., 2000; Jemel et al., 2002).

In one of the studies in which the subjects with SARS-CoV-2 infec-

tion and healthy controls were compared regarding the right and left

hemispheres imaging-derived phenotypes, no significant reductions

could be found in the gray matter thickness of the hemispheres in

the infected patients (Douaud et al., 2022). In our study, in which we

also examined attention-related neural activity to the rare frequency

auditory stimulus, the right hemisphere activation was significantly

higher in both study and control groups. In line with our findings, one

of the MRI studies which investigated the microstructural changes in

the central nervous system after infection showed that the spread-

ing abnormalities in the white matter were confined to the right

hemisphere in the absence of asymmetric symptoms reported by the

patients (Lu et al., 2020). These findings support the contention of

improved compensation for the hearing-related attentionmechanisms

of the patients who had SARS-CoV-2 infection.

It is plausible to say that the increased neuronal activity may indi-

cate a higher mental effort while performing auditory tasks which

require concentration and attention resources and subsequently may

lead to fatigue. In this study population, the hearing was evalu-

ated based on the participant’s statement alone, unfortunately. The

assessment of hearing and central auditory processing with objec-

tive and subjective test batteries in similar groups will contribute to

understanding the effects of COVID-19.

A limitation of our study is that we could not have the pre-disease

cognitive assessment results of the participants in the COVID-19 (+)

group. Besides, the sample group had to be limited due to time con-

straints, access to experimental group individuals, and changes in the

variant of the disease during the COVID-19 pandemic process. How-

ever, we believe that despite these disabilities, our study will provide

insight on evaluating cognitive findings and auditory performance

together within the scope of COVID-19 studies.

5 CONCLUSION

The difficulty in hearing orientation is one of the important fea-

tures of central disorders, and SARS-CoV-2 infection may impact on

central auditory processing or auditory attention due to changes in

oxyhemoglobin levels in the temporal brain regions. It seems that

SARS-CoV-2 infection is associated with an additional load on the neu-

ral activity, and difficulties in focusing in auditory attention, following

speech and hearing in noise aswell as increased effort to perceive audi-

tory cues. These factors may result in fatigue and poor performance in

daily life.
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