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Conclusions For the first time, auditory-related percep-
tual disorders were studied in MCS. A strong association 
between WNS, HQ results and MCS symptoms severity 
has been highlighted. These findings suggest that decreased 
sound tolerance and noise sensitivity could be considered 
as possible new aspects of this syndrome, contributing to 
its peculiar phenotype. Furthermore, as DPOAE values did 
not differ from healthy subjects, present findings might 
suggest a ‘central’ source for such disorders in this group 
of patients.

Keywords Multiple chemical sensitivity · Noise 
sensitivity · Hyperacusis · Distortion product otoacoustic 
emissions · Idiopathic environmental intolerance

Introduction

Multiple chemical sensitivity (MCS) is usually defined 
as a chronic multisystem condition characterized by self-
reported susceptibility to illness following exposure to low 
levels of environmental chemicals (Bell 1996). Patients 
report a wide variety of both somatic and psychological 
symptoms such as difficulty concentrating, fatigue, depres-
sion, dizziness, itching and pain (Miller and Mitzel 1995; 
Alessandrini et al. 2013).

This syndrome has been classified by Authors (Nor-
din et al. 2013) as part of a wide group of emerging dis-
eases—labeled idiopathic environmental intolerances 
(IEIs)—which are characterized by symptoms attributed to 
environmental agents. In particular, many studies tried to 
find an unifying pathophysiology for all IEIs, focusing on 
central nervous system (CNS) reactions to environmental 
stimuli, with activation changes of those brain areas related 
to sensory processing and emotional responses (Bell 1994; 
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Purpose The aim of this study was to investigate the pres-
ence of noise sensitivity and hyperacusis in patients suffer-
ing from multiple chemical sensitivity (MCS), a chronic 
condition characterized by several symptoms following 
low-level chemical exposure. Moreover, distortion product 
otoacoustic emissions (DPOAE) were performed to further 
study cochlear function.
Methods A questionnaire-based survey was performed. 
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filled Weinstein’s Noise Sensitivity Questionnaire (WNS) 
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compared to controls. Correlation analysis showed strong 
positive correlation between WNS, HQ and qEESI in MCS 
subjects.
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Miedema and Vos 2003; Hillert et al. 2007; Chiaraval-
loti et al. 2015). Since environmental noise has been rec-
ognized as an important health quality stressor (Stansfeld 
1992) also noise sensitivity (NS) and decreased sound tol-
erance (DST) have been linked to IEI, mainly by means of 
questionnaire surveys on healthy populations (Palmquist 
et al. 2014). In particular, the hypotheses about a shared 
pathophysiology between IEIs and the onset of various 
symptoms after exposure to noise include sensory hyper-
reactivity, mostly for physical symptoms, and an anxiety 
and stress-related conditions with respect to the presence of 
cognitive and affective symptoms (Nordin et al. 2013).

NS has been considered a personality trait with appar-
ently no significant connection to auditory function (Stans-
feld 1992), and it is routinely estimated by means of ques-
tionnaires, such as the Weinstein’s Noise Sensitivity Scale 
(WNS) (Weinstein 1978; Heinonen-Guzejev et al. 2012). 
On the other side, DST is considered as a group of sepa-
rate entities including hyperacusis, misophonia, diplacusis 
and polyacusis (Jastreboff and Jastreboff 2012); diplacusis 
occurs when a subject who is exposed to a single-frequency 
tone perceives multiple tones, and it is mainly linked to 
dysfunction of the inner ear (Knight 2004). Polyacusis, 
when the listener perceives more than two tones, has been 
rarely described and there are no clinical studies investigat-
ing its prevalence. According to a recent review (Tyler et al. 
2014), hyperacusis definition encloses every negative reac-
tion to sound with respect to loudness, annoyance, fear and 
pain. Misophonia, on the other hand, has been described as 
an abnormally strong reaction to a sound with respect to 
the specific emotional meaning to a given individual, while 
the physical characteristics of the sound are secondary (Jas-
treboff and Jastreboff 2012). The prevalence of hyperacusis 
is difficult to calculate due to the lack of an accepted defini-
tion, ranging from 2 to 15% (Sheldrake et al. 2015).

Despite uncertainties about diagnostic tools, some stud-
ies confirmed the reliability of validated questionnaires 
such as Khalfa’s Hyperacusis Questionnaire (HQ) and the 
lack of stable correlation to standard audiometric measure-
ments (Khalfa et al. 2002; Meeus et al. 2010).

In this scenario, due to the (1) shared pathophysiological 
aspects underpinning NS and IEI, (2) the overlap observed 
in healthy populations between NS and chemical sensitiv-
ity (Heinonen-Guzejev et al. 2012) and (3) the presence of 
a generalized hypervigilance to sensory stimuli in IEI sub-
jects (Landgrebe et al. 2009; Alessandrini et al. 2016) the 
aim of this study was to investigate the presence of NS and 
hyperacusis in a cohort of MCS patients. By using a WNS 
and HQ survey, MCS results were compared to a group of 
healthy subjects. Moreover, both groups underwent distor-
tion product otoacoustic emissions (DPOAEs)—in order to 
objectively analyze the peripheral auditory system integrity. 
To better evaluate the extent of the overlap of DST and MCS 

symptoms, questionnaire scores were correlated to the Symp-
tom Severity scale of the Quick Environmental Exposure 
Sensitivity Index (qEESI) (Miller and Prihoda 1999), which 
is a vastly used questionnaire to screen the frequency and 
intensity of MCS symptoms following chemical exposure.

Materials and methods

Patients selection

Twenty-three MCS patients were included in this study. 
Diagnosis of MCS was achieved according to the US Con-
sensus Criteria for MCS (Anonymous 1999) and the revi-
sions suggested by Lacour et al. (2005) which were opera-
tionalized as follows: (1) Symptoms are present for at least 
6 months; (2) symptoms occur in response to exposure to 
at least two of 11 common volatile chemicals; (3) co-occur-
rence of at least one symptom from the CNS and one symp-
tom from another organ system; (4) symptoms cause signifi-
cant lifestyle changes; (5) symptoms occur when exposed 
and lessen or resolve when the symptom-triggering agent is 
removed; and (6) symptoms triggered by exposure levels do 
not induce symptoms in other individuals who are exposed 
to the same levels. We also enrolled as control group a pop-
ulation of 20 gender- and age-matched healthy subjects.

Both eligible MCS patients and control subjects were 
required to meet the following entry criteria: subjects with 
diabetes, oncologic or HIV history, known neurological and 
psychiatric or mood disorders, history of brain surgery, radi-
ation or trauma were excluded from the study. No patient 
showed liver or renal abnormalities nor was pregnant or 
breastfeeding. The peripheral blood of MCS and controls 
was tested for common parameters. Neurological diseases 
were excluded with the mini mental state examination and 
magnetic resonance imaging (MRI). All conditions that 
could potentially underlie an otoneurological dysfunction 
were considered as exclusion criteria. Furthermore, patients 
with vestibular disorders, lower airways and/or lung dis-
eases, active hepatitis, cirrhosis, chronic renal failure, vita-
min B12 deficiency, alcohol, tobacco or drug abuse, cere-
bral vascular accidents, insulin-dependent diabetes mellitus, 
hypothyroidism and Cushing syndrome were not included 
in the study. We also excluded all subjects taking drugs pos-
sibly impacting hearing functionality. The study adhered to 
the principles of the Declaration of Helsinki, and all of the 
participants provided written informed consent after receiv-
ing a detailed explanation of the study.

Audiological testing

In order to screen study participants for subclinical hear-
ing dysfunctions, both MCS patients and healthy subjects 
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underwent otoscopy, impedance audiometry (GSI Tymp-
Star, Grason-Stadler, USA) and pure tone audiometry (GSI 
61 clinical audiometer, Grason-Stadler, United States). 
Otoscopic abnormalities, a type B or C tympanogram or 
a pure tone average (PTA) air conduction threshold higher 
(i.e., worse) than 20 dB in the frequency range between 500 
and 4000 Hz, were considered as exclusion criteria (Trem-
blay et al. 2015).

Distortion product OAEs (DPOAEs) were recorded in 
both MCS patients and controls, in a sound-proof room, 
using the Otodynamics ILO system (Otodynamics Ltd, 
Hatfield, UK), calculating sound pressure variations in the 
external auditory canal (EAC) in response to acoustic stim-
ulation. Stimuli were administered with a probe sealed in 
the EAC, while the subjects were instructed to remain still 
and relaxed. The DPOAE were recorded after simultaneous 
stimulation with two pure tones, with a frequency ratio of 
F2:F1 = 1.2 and an amplitude of 65 dB SPL for L1 and 
55 dB SPL for L2, respectively. The amplitude of the dis-
tortion product 2F1–F2 was calculated. Frequencies exam-
ined were 1000, 1500, 2000, 3000 and 4000 Hz for both 
ears. A DPOAE amplitude of more than 3 dB above noise 
floor was required to include data in the analysis.

Validated questionnaires

To screen emotional reactions following noise exposure 
in a variety of situations, in 1978 Weinstein designed the 
WNS (Weinstein 1978) which is a 21-item questionnaire 
with a 6-point rating (from 0, or most often ‘agree strongly’ 
to five or ‘disagree strongly’, although 14 questions need 
score reversal). Both MCS patients and control subjects 
filled the scale, by answering the questions in the presence 
of the same clinician. WNS total score was included in the 
statistical analysis.

Since its introduction in 2002 (Khalfa et al. 2002), the 
HQ was translated in different languages and validated by 
several Authors (Meeus et al. 2010; Wallén et al. 2012), and 
it is widely used to evaluate the characteristics of patients 
with hyperacusis. The questionnaire is arranged into a first 
part including three binary questions about patients’ history 
of auditory diseases or noise exposure. The second part is 
a 14-item questionnaire further divided into three dimen-
sions: attentional (questions 1–4), social (questions 5–10) 
and emotional (questions 11–14). Answers could range 
from 0 (‘no’) to 1 (‘a little’), 2 (‘a lot’) and 3 (‘quite a lot’). 
MCS patients and healthy controls filled in the validated 
Italian version of the scale (Fioretti et al. 2015) in the pres-
ence of the same clinician. Both total score (HQtot) and 
attentional (HQa), social (HQs) and emotional (HQe) sub-
scores were included for statistical analysis.

In order to evaluate the presence and intensity of chemi-
cal sensitivity, all subjects filled in a modified version of 

qEESI (Schnakenberg et al. 2007), scoring from 1 (low) 
to 3 (severe) the intensity of head-related (HEAD), cog-
nitive-related (COG), affective-related (AFF), neuro-
muscular-related (NM), musculoskeletal-related (MS), 
skin-related (SKIN), genitourinary-related (GU), gastroin-
testinal-related (GI), heart/chest-related (COR), and airway 
or mucous membrane-related (AIR/MM) symptoms. All 
patients and controls drafted this questionnaire in a self-
administered fashion. Total scores were included in the cor-
relation study.

Statistical analysis

Means and standard deviations (SDs) of DPOAEs per 
each frequency were calculated in both healthy subjects 
and MCS groups as well as means and SDs of question-
naire scores (WNS, HQtot, HQa, HQs, HQe, qEESI). In 
order to assess that data were of Gaussian distribution, 
D’Agostino K squared normality test has been applied 
(where the null hypothesis is that the data are normally 
distributed).

A ‘between-groups’ analysis of variance (ANOVA) was 
performed for DPOAE values, as well as questionnaire 
results. Significant cutoff level (α) was set at a p value of 
0.01, and Bonferroni correction for multiple comparisons 
was used to test post hoc of significant main effects.

Then, Spearman’s rank correlation was performed 
between all questionnaire scores, in both MCS and control 
groups. A significant cutoff level (α) was set at a p value 
of 0.01. In order to avoid family-wise error, a Bonferroni 
correction for multiple comparisons was applied. (STATIS-
TICA 7 package for Windows).

Results

Twenty-three consecutive MCS patients were enrolled. 
Three of them were using antidepressant drugs, one 
reported history of hypothyroidism and one of alcohol 
abuse and were excluded. Therefore, 18 right-handed MCS 
patients (11 women and 7 men, mean age 49.5 ± 9.3 years) 
met the eligibility criteria and were included. Control 
group consisted of 20 right-handed healthy individuals (12 
women and 8 men; mean age 48.6 ± 11.4 years).

Audiological testing

No abnormalities were found at pure tone and imped-
ance audiometric examination for all subjects. Therefore, 
DPOAE data for 36 ears in the MCS group and 40 ears 
in healthy subjects group were included in the statistical 
analysis. Detailed DPOAE intensity means and SDs are 
included in Fig. 1.

Author's personal copy



 Int Arch Occup Environ Health

1 3

The ‘between-group’ ANOVA showed no statistical dif-
ference in DPOAE values between MCS and controls, for 
all the frequencies tested.

Questionnaire scores

Detailed scores of HQtot, HQa, HQs, HQe, WNS and 
qEESI mean scores for MCS and healthy subjects are 
shown in Fig. 2. The ‘between-group’ ANOVA and post 
hoc t test correction showed a significant (p < 0.01) effect 
for all questionnaires (WNS, qEESI, HQtot and subitems 
HQa, HQs and HQe).

Correlation analysis

The Spearman rank correlation analysis and subsequent 
correction for multiple comparisons found no signifi-
cant correlation between questionnaire scores in control 
group. In MCS group, a significant positive correlation 
was found between qEESI and HQtot (r = 0.94, p < 0.01), 
HQa (r = 0.78, p < 0.01), HQs (r = 0.92, p < 0.01), HQe 
(r = 0.95, p < 0.01) and WNS score (r = 0.93, p < 0.01). 
Moreover, a positive correlation was found between scores 
on WNS and HQtot (r = 0.90, p < 0.01) as well as subi-
tems HQa (r = 0.80, p < 0.01), HQs (r = 0.85, p < 0.01) 
and HQe (r = 0.94, p < 0.01; see Table 1).

Discussion

The pathophysiology of MCS has been widely studied in 
last decades, due to the increase in social awareness about 

the risks of prolonged chemical exposures. Neuroscientists 
mainly focused on discovering neural and perceptual altera-
tions following olfactory-related stimulation, by using sev-
eral diagnostic and research tools such as electroencephalo-
gram (EEG), functional magnetic resonance imaging (fMRI) 
and positron emission tomography (PET) (Sparks et al. 1994; 
Chiaravalloti et al. 2015; Alessandrini et al. 2016). However, 
no previous research protocol tried to investigate the correla-
tional extent of peripheral auditory system and ‘higher’ per-
ceptual responses in a well-clustered MCS cohort.

Thus, the main interesting findings showed for the first 
time in the present study reside in the between-group 
effects showed in WNS questionnaire as well as in HQtot 
and HQa, HQs and HQe subsets results (Fig. 2). Moreo-
ver, WNS, total HQ and each subset scores demonstrated 
to be positively correlated to qEESI scores in MCS patients 
(Table 1)—while no correlation was found in healthy sub-
jects—depicting a correspondence between symptoms fol-
lowing chemical exposure and the extent of noise sensitiv-
ity. Secondly, no between-group effect in DPOAE values 
was there between MCS and controls (Fig. 1), corroborat-
ing that MCS subjects did not present any abnormalities 
in their peripheral auditory system, with respect to healthy 
subjects.

Neural sensitization and limbic kindling (Winder 2002) 
models demonstrated subjective negative responses and 
pathological hyper-reactivity in olfactory and limbic 
areas as well as in subcortical olfactory-related pathways 
as a distinctive feature in MCS patients (Bell et al. 1992; 
Bascom et al. 1997; Chiaravalloti et al. 2015; Alessan-
drini et al. 2016). In parallel with these paradigms and 
the above-described inferential and positive correlation 

Fig. 1  DPOAE results for multiple chemical sensitivity (MCS) 
patients and healthy subjects (HC). Mean values are expressed in dB 
SPL and divided by frequency; for both groups, standard deviation 

(SD) is depicted as a line. Statistical analysis with ‘between-group’ 
analysis of variance (ANOVA) did not show any significant differ-
ence between groups
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findings, hyperacusis could be addressed as another clini-
cal feature of this syndrome representing psychological 
distress experienced by MCS sufferers as the tendency to 
evaluate other sensory stimuli in a negative way (Watson 
and Clark 1984; Stansfeld 1992; Nordin et al. 2014). This 
confirms results from previous studies suggesting an over-
lap in IEIs (Heinonen-Guzejev et al. 2012; Palmquist et al. 
2014; Shepherd et al. 2015) and further sheds new light on 
MCS as part of this spectrum of diseases, including NS. 
In fact, noise sensitive subjects negatively react to sound, 
both in physical and emotional ways, finding it annoy-
ing or even threatening (Stansfeld 1992). The presence of 
this ‘personality trait’—or ‘negative affectivity’ (Watson 
and Clark 1984)—in MCS patients enrolled in this study 

tends to further corroborate the overlap frequently observed 
between NS and other kinds of IEI. Individual factors 
play an important role in symptoms related to IEIs. Stud-
ies involving populations with self-reported intolerance 
to noise, chemicals, electromagnetic fields or buildings, 
mainly diagnosed by means of questionnaires, showed 
a great prevalence of anxiety, depression and stress. This 
could strengthen the hypothesis of a derangement of CNS 
processing with respect to certain sensory stimuli; however, 
it cannot be excluded that anxiety, depression and other 
physiological disturbances may be consequence of living 
with symptoms related to IEIs (Nordin et al. 2014). Moreo-
ver, no existing study involving people with IEI-related 
symptoms has showed organic alterations of peripheral 

Fig. 2  Validated questionnaires mean scores and standard deviations 
(SD) for multiple chemical sensitivity (MCS) patients and healthy 
subjects (HC). For all questionnaires, ‘between-group’ ANOVA 
showed statistically significant (p < 0.05) differences. HQa Hypera-
cusis Questionnaire—attentional dimension, HQs Hyperacusis Ques-

tionnaire—social dimension, HQe Hyperacusis Questionnaire—emo-
tional dimension, HQtot Hyperacusis Questionnaire—total score, 
WNS Weinstein’s Noise Sensitivity Questionnaire score, qEESI quick 
Environmental Exposure Sensitivity Index

Table 1  Correlation analysis 
results for MCS

Spearman’s rank correlation analysis results for MCS patients. qEESI quick environmental exposure sen-
sitivity index, HQa Hyperacusis questionnaire—attentional dimension, HQs Hyperacusis questionnaire—
social dimension, HQe Hyperacusis questionnaire—emotional dimension, HQtot Hyperacusis question-
naire—total score, WNS Weinstein’s Noise Sensitivity Questionnaire score

QEESI HQa HQs Hqe Hqtot WNS

qEESI 1

HQa 0.78 1

HQs 0.92 0.81 1

Hqe 0.95 0.81 0.93 1

Hqtot 0.94 0.86 0.98 0.96 1

WNS 0.93 0.8 0.85 0.94 0.9 1
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sensory organs. This seems to be in line with our results, 
showing high WNS scores in a population without clini-
cally evident hearing disorders.

As mentioned, possible limbic reactivity and CNS sen-
sitization could underlie vulnerability to environmental 
stimuli due to time-dependent sensitization and the pro-
gressive increase in sensory response to repeated, intermit-
tent stimuli over the time (Bell et al. 1995). Indeed, some 
studies showed an abnormal increase in neural activity, 
especially in subcortical structures such as the inferior col-
liculus, in patients with complaints of hyperacusis and tin-
nitus (Gu et al. 2010). The neuroanatomical counterpart of 
disorders such as hyperacusis is debated: studies showed 
that noise exposed mice with diminished cochlear function 
(as measured by auditory brainstem response testing) are 
hypersensitive to sound. This could suggest hyperacusis to 
be related to a ‘cochlear neuropathy’ which can be present 
in subjects with clinically normal hearing, as tested with 
pure tone audiometry and OAEs (Plack et al. 2014; Hickox 
and Liberman 2014). Thus, dysfunctions affecting inner hair 
cells, synapses or auditory nerve fibers could underlie the 
basis of such disorder. Results in DPOAE testing and the 
absence of correlation with HQ in both MCS patients and in 
healthy subjects show normally functioning outer hair cells, 
corroborating those previous studies (Anari et al. 1999) pos-
tulating the absence of a solid linkage between hyperacusis 
and audiological tests commonly used in clinical practice.

According to Jastreboff and Jastreboff (2015), the audi-
tory system is considered to play a secondary role in DST, 
while other pathways (such as limbic and autonomic nerv-
ous ones) in the brain play a pivotal one. This may occur 
due to the high amplification within the auditory pathways, 
leading to limbic and autonomic hyperactivation, or to the 
presence of linkages redundance between the auditory sys-
tem and the limbic–autonomic network. McDermid and col-
leagues (1996) found reduced pressure–pain and auditory 
tolerance in patients suffering from fibromyalgia and for-
mulated the generalized hypervigilance hypothesis (GHH), 
defined as an increase in attention and perceived intensity 
with respect to a stimulation with negative characteris-
tics. Several Authors confirmed these findings and investi-
gated about CNS alterations leading to hypervigilance and 
decreased sound tolerance being frequently linked to this 
hypothesis (Hollins et al. 2009). Thus, according to previous 
studies (Wilbarger and Cook 2011; De Luca et al. 2015) and 
present inferential and correlation results, GHH has to be 
further considered as part of the IEIs and could be involved 
in MCS spectrum disorders (Bell et al. 1998).

This can be interpreted, as per WNS results described 
above, as a general tendency to negative reactions to envi-
ronmental stimuli in MCS patients. However, the hypoth-
esis of a peculiar CNS reaction to auditory stimuli in MCS 
patients is not yet to discard. Previous neuroimage-guided 

research (Chiaravalloti et al. 2015; Alessandrini et al. 
2016) showed different activation and inhibition of corti-
cal and subcortical areas during olfactory stimulation in 
MCS patients. It could be hypothesized—although further 
researches are needed—that a similar behavior could occur 
after an auditory stimulation.

Our study, for the first time, unveils the presence of noise 
sensitivity and hyperacusis in a cohort of strictly diag-
nosed MCS patients with no history of auditory disorders 
and with an intact peripheral auditory system tested objec-
tively with DPOAE. These findings open the possibility to 
include auditory perception disorders in the vast spectrum 
of symptoms that clinicians and researchers have to investi-
gate in MCS. Moreover, DPOAE testing and questionnaires 
are neither invasive nor time-consuming tests; thus we sug-
gest to perform them to subjects complaining chemical sen-
sitivity or symptoms suggestive for other kinds of IEI. We 
believe that further research on this topic is needed, espe-
cially in the field of neuroimaging and neural connectivity, 
to unveil the presence of peculiar CNS alterations follow-
ing auditory stimuli in MCS/IEI patients.

Strengths and limitations of the study

Many uncertainties in literature involving MCS auditory 
pathways could clearly be explained by different criteria 
for patient enrollment, different kinds of questionnaires 
employed in order to investigate symptoms spectrum, dis-
tortion related to the general incidence of personality traits 
in control subjects and many nuisance variables biasing the 
general research in MCS (Micarelli et al. 2016).

In this work, we tried to reduce artifacts that could affect 
symptoms spectrum outcomes by (1) enrolling and study-
ing NS and hyperacusis—by means of validated question-
naires—only in MCS patients with commonly accepted 
criteria and (2) using DPOAEs as a vastly accepted (Shaf-
fer et al. 2003), friendly, not time-consuming and reliable 
tool to objectively test cochlear integrity in HC and MCS 
subjects.

Moreover, we performed a mixed ANOVA model aim-
ing at studying outcomes by using a powerful between-
effect. Thus, we tried to reduce biases related to the sex-
to-age ratio, misdiagnosis of MCS and possible outcome 
distortions related to the general incidence of personality 
and social disturbances in the general population (Amad 
et al. 2013; Dereboy et al. 2014). On the other side, a possi-
ble limitation of the study could be represented by the Bon-
ferroni multiple corrections applied as post hoc test to both 
ANOVA and Spearman correlation, possibly increasing the 
likelihood of type II statistical errors.

Final limitations encountered in this research were 
related to the lack of widely accepted diagnostic criteria 
and a generalized definition for both noise sensitivity and 
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hyperacusis. Furthermore, a group of diseases with very 
different features is included under the IEI definition; thus, 
the risk of confusing different pathophysiological aspects 
underpinning different disorders could be always present.

Conclusions

To our knowledge, this is the first time that auditory-related 
perceptual disorders are studied in MCS patients. Results 
from validated questionnaires were analyzed by a corre-
lation study and a strong association between WNS, HQ 
results and MCS symptoms severity has been highlighted. 
These findings suggest that DST and NS should be consid-
ered as possible new aspects of this syndrome and could 
contribute to its peculiar phenotype. It is important to note 
that DPOAE testing did not show any difference between 
MCS patients and controls, suggesting possible neural cas-
cades rather than cochlear roles as pivotal in underlying 
auditory-related perceptual disorders in MCS.
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