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ABSTRACT  

Our previous study experimentally showed barium (Ba)-mediated hearing loss in mice. To 

our knowledge, however, it remains unknown whether Ba affects hearing in humans. This 

epidemiological study aimed at investigating ototoxicity of Ba in humans. Associations of Ba 

levels in hair, toenails and urine with hearing levels (1, 4, 8 and 12 kHz) were analyzed in 

145 Bangladeshi subjects. Binary logistic regression analysis with adjustment for age, sex, 

BMI and smoking showed that Ba levels in hair had significant associations with hearing loss 

at 8 kHz (OR = 4.75; 95% CI: 1.44, 17.68) and 12 kHz (OR = 15.48; 95% CI: 4.04, 79.45). 

Ba levels in toenails were also associated with hearing loss at 8 kHz (OR = 3.20; 95% CI: 

1.35, 7.85) and 12 kHz (OR = 3.63; 95% CI: 1.58, 8.55), whereas there was no correlation 

between Ba level in urinary samples and hearing. There was a significant correlation between 

hearing loss and Ba levels in hair and toenails in the model adjusted with arsenic levels as the 

confounder. In conclusion, this study suggested that Ba levels could be a new risk factor for 

hearing loss, especially at high frequencies of 8 and 12 kHz, in humans.  
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Introduction 

   Hearing loss is one of the most common disorders affecting quality of life (QOL)1. The 

number of patients with hearing loss is estimated to be 360 million worldwide, which is 

equivalent to 5.3% of the world’s population. It is estimated that the 360 million patients 

include 328 million adults and 32 million children2. In addition, it is estimated that one third 

of people over 65 years of age worldwide have age-related hearing loss2. Genetic, aging and 

environmental factors intricately affect the onset of hearing losses, which lower quality of life 

(QOL)1. However, information about the environmental factors affecting hearing and the 

number of patients is limited. 

  Barium (Ba) has been shown to be included in raw surface water, tap water supplies and 

tube wells at concentrations ranging from ≤ 5 to 15 mg/L3-5. In addition, seaweed, fish and 

some foods have been shown to contain Ba6,7. In a diet investigation in Canada, Ba levels in 

nuts including peanuts and peanut butter were shown to be relatively high (2,919.11 µg/kg). 

Fruits and vegetables contain Ba levels at concentrations ranging from 57.62 to 3,750.03 

µg/kg and from 47.99 to 2,282.23 µg/kg, respectively, while Ba levels in meats and fish are 

relatively low (ranging from 12.06 to 237.57 and from 36.17 to 481.34 µg/kg, respectively). 

The average Ba intake in humans from diets has been shown to be 8.817 µg/kg/day8. An 

investigation in Canary Islands, Spain showed that Ba levels ranged from 5.210 ± 2.117 

mg/kg in nuts to 0.035 ± 0.043 mg/L in water and that total intake of Ba was 0.685 mg/day, 

mainly from cereals9. Thus, diets that we ingest in daily life contain Ba as one of the general 

elements. However, Ba is not regarded as one of the elements affecting our health. 

  The possible association between exposure to Ba and health problems in humans was 

investigated in previous epidemiological studies. Residents living in communities in Illinois, 

USA where tap water contains high levels of Ba (2~10 mg/L) have been shown to have 

significantly high mortality rates associated with arteriosclerosis and cardiovascular 

disease10-12. However, the relevance was not analyzed with potential confounders (e.g., 
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population mobility, water softeners, duration of exposure, and actual barium intake). Also, 

the prevalences of cardiovascular disease in two Illinois communities were compared in a 

follow-up cross-sectional study. The two communities had similar demographic and 

socioeconomic characteristics, but Ba levels in drinking water were different. However, no 

significant differences were found between the two communities in mean systolic or diastolic 

blood pressure or in history of hypertension, heart disease, stroke or kidney disease for men 

or women when many of the possible confounding factors not considered in earlier studies 

were accounted for13. In previous studies performed in India and the Kingdom of Saudi 

Arabia, prevalence rates of cancer and autism have been shown to be associated with Ba 

levels in biological samples and drinking water14-16. However, there is very limited 

information about a correlation between exposure to Ba and other health problems in humans.  

     In our experimental study, oral exposure of mice to Ba by drinking water was shown to 

cause severe hearing loss with degeneration of the organ of Corti in mice. Ba-exposed mice 

showed high levels of Ba in inner ears compared to the levels in mice not exposed to Ba17. 

However, there is no information about the correlation between Ba levels in biological 

samples and health problems in humans. In this pilot study, we performed hearing 

examinations and measurements of Ba levels in human biological samples to determine 

whether Ba levels in biological samples are associated with hearing loss. 

 

Methods 

Study Subjects  

� � The study was performed for 145 subjects in Bangladesh aged from 12 to 55 years  

(mean ± SD, 29.58 ± 10.92 years) who agreed in written form to participate in hearing 

examinations. In this study, we did not include subjects who had a previous history of ear 

diseases and suffered from illness at the time of investigation. We also did not include 

subjects who had a habit of drinking alcohol or using a portable music player (e.g., MP3 
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player) with earphones. In addition, another ethnic group or race was not included as subjects 

in this study. This investigation was performed using a self-reporting questionnaire on 

smoking, age, clinical history, weight and height of subjects. Body mass index (BMI; mean ± 

SD = 21.99 ± 3.42) was obtained by using the following formula: weight in kg/height in 

meter squares. The procedures were explained and informed consent was obtained from all of 

the subjects. This study was ethically approved by Nagoya University International Bioethics 

Committee following the regulations of the Japanese government (approval number 

2013-0070) and the Faculty of Biological Science, University of Dhaka (Ref. no. 

5509/Bio.Sc). 

Measurement of auditory thresholds 

� � Auditory thresholds at frequencies of 1, 4, 8 and 12 kHz were measured by pure tone 

audiometry (PTA). We measured hearing level at an extra-high frequency (12 kHz) because 

hearing level of the frequency is sensitive to environmental factors including smoking18,19. 

The sound data of PTA were installed into an iPod. The sound stimuli were output by the 

iPod with an earphone-type headphone (Panasonic RP-HJE150) in a sound-proof room as 

described previously19-21. Sound signals at frequencies of 1, 4, 8 and 12 kHz were output to 

each subject until the thresholds of sound were identified. Hearing levels of the subjects were 

all measured by providing an initial stimulus of 5 decibels (dB) followed by a stepwise 

increase in sound level by 5 dB. Duplicated measurement of hearing was performed in each 

subject to verify the repeatability of values. 

Measurement of barium levels in biological samples 

� � We measured Ba levels in biological samples by the method previously described17,22,23. 

In short, biological samples were put into a 15 ml polypropylene tube with 3 ml of HNO3 

(61%). The sample tubes were incubated at 80˚C for 48 hours and then allowed cool to room 

temperature for 1 hour. Then, 3 ml of H2O2 (30%) was added to each tube and the tubes were 

incubated at 80˚C for 3 hours. After the samples had been diluted with ultrapure water, the Ba 
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level in each sample was measured by using an inductively coupled plasma mass 

spectrometer (ICP-MS; 7500cx, Agilent Technologies, Inc.) with a reaction cell for absence 

of ArCl ion interference. Total Ba levels in urinary samples were corrected by specific 

gravity expressed as µg/L24,25.  

Statistical analysis 

  Statistical analyses were performed following the method previously reported18,26. No 

randomization was used and the investigators were not blinded to the group allocation during 

the experiments or when assessing the outcomes. For univariate analyses, Spearman 

correlation coefficients were used to determine a significant association between 

nonparametric variables, since the Shapiro-Wilks normality test showed that Ba levels in 

biological samples were not normally distributed. The two-tailed Mann-Whitney U test 

(equivalent to the Wilcoxon rank sum test) and Steel-Dwass test were also used for 

nonparametric data to determine a significant difference of hearing levels between two 

groups and among three groups, respectively, since hearing levels are discontinuous variables. 

Steel-Dwass test was performed with set the alpha level to 0.05. Levene’s test and Bartlett’s 

test for equality of variances were conducted. Difference with p < 0.05 was considered 

significant, and the actual p value for each test was displayed except for the p values below 

0.0001. For multivariate analysis, we categorized subjects into two or three groups according 

to sex, age, BMI, smoking and Ba concentration in biological samples and compared the 

average auditory thresholds at frequencies of 1, 4, 8 and 12 kHz. We performed binary 

logistic regression analysis with auditory thresholds at 1 kHz (> 10 dB)27, 4 kHz (> 10 dB)28, 

8 kHz (> 25 dB)29,30 and 12 kHz (> 40 dB)18 of hearing levels as dependent variables and Ba 

levels in hair, toenail and urine samples as independent variables. Models were adjusted for 

age31, sex32, smoking33 and BMI34 because associations between hearing loss and these 

factors have been shown. All statistical analyses were performed using JMP Pro (version 

11.0.0; SAS Institute Inc., Cary, NC, USA).  
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Results 

Correlation between hearing levels and confounding factors including age, BMI, sex and 

smoking 

   Characteristics of subjects and cut-off values of confounders analyzed in this study are 

shown in Table 1. We set the mean age of the subjects (i.e., 30 years old) as the cut-off value 

for age. The average auditory thresholds at 1, 4, 8 and 12 kHz in the older group (n = 68) 

were significantly higher (1 kHz, p = 0.0098; 4, 8 and 12 kHz, p < 0.0001) than those in the 

younger group (n = 77) (Figure 1A). We also categorized the subjects into three groups based 

on body mass index (BMI) set by the WHO category (underweight, < 18.5; normal range, 

18.5–25; overweight, 25 ≤) as shown in Table 2. There were no significant differences in 

average auditory thresholds among the three groups (Figure 1B). The average auditory 

thresholds at 4, 8 and 12 kHz in females (n = 76) were significantly higher (4 kHz; p = 

0.0257, 8 kHz; p = 0.0004, 12 kHz; p = 0.0066) than those in males (n = 69) (Figure 1C). We 

next compared the auditory thresholds in smokers (n = 31) and non-smokers (n = 114) since 

smoking has been shown to be one of the risk factors for hearing loss18,19,33. The average 

auditory thresholds at 1, 4, 8 and 12 kHz in the smoking group were significantly higher than 

those in the non-smoking group (1 kHz; p = 0.0057, 4 kHz; p < 0.0001, 8 kHz; p = 0.0002, 12 

kHz; p < 0.0001) (Figure 1D). Hearing level on average at extra-high frequency (12 kHz) was 

more affected compared to those at lower frequencies (Figure 1D).   

Correlation between hearing levels and Ba levels in human biological samples 

   Barium levels (mean ± SD) in hair, toenail and urine samples from all subjects were 3.21 

± 2.87 µg/g, 7.08 ± 5.54 µg/g and 3.87 ± 4.85 µg/L, respectively (Table 2). A significant 

correlation of Ba levels was observed in toenail and hair samples (r = 0.3370, p < 0.0001) or 

in urine and toenail samples (r = 0.1668, p = 0.0449), while no correlation was found in urine 

and hair samples (r = 0.0665, p = 0.4269). In addition, Ba levels (mean ± SD) in female 
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subjects were 3.859 ± 3.226 µg/g in toenail samples and 11.155 ± 4.504 µg/g in hair samples, 

while those in male subjects were 2.489 ± 2.215 µg/g in toenail samples and 2.582 ± 1.907 

µg/g in hair samples. There is no information about the correlation between Ba levels in 

biological samples and hearing loss in humans. Based on the determination of Ba levels 

significantly associated with hearing loss, we categorized the subjects into two groups at 

12.62 µg/g in hair and 1.88 µg/g in toenails (Table 3). On the other hand, we used the median 

(2.55 µg/L) for urine samples (Table 3) since there was no correlation between Ba levels in 

urine samples and hearing levels. We then compared the auditory thresholds at 1, 4, 8 and 12 

kHz between the two groups (Figure 2). The group with high Ba level in hair (n =26) showed 

significantly (8 kHz; p = 0.0027, 12 kHz; p = 0.0045) higher auditory thresholds at 8 kHz and 

12 kHz than those in the group with low Ba level in hair (n = 119) (Figure 2A). The average 

auditory thresholds at 4 kHz, 8 kHz and 12 kHz in the group with high Ba level in toenails (n 

= 90) were significantly higher (p < 0.0001) than those in the group with low Ba level in 

toenails (n = 55) (Figure 2B). On the other hand, there were no significant differences in 

average auditory thresholds at all of the frequencies between the groups with the high and 

low Ba levels in urine samples (Figure 2C). 

Binary logistic regression analysis 

   Binary logistic regression analysis with adjustment for age, sex, BMI and smoking 

showed that Ba levels in hair were significantly associated with hearing loss at 8 kHz [odds 

ratio (OR) = 4.75; 95% confidence interval (CI): 1.44, 17.68; p = 0.0096] and 12 kHz (OR = 

15.48; 95% CI: 4.04, 79.45; p < 0.0001) (Table 4). Ba levels in toenails also showed 

significant associations with hearing loss at 4 kHz (OR = 2.76; 95% CI: 1.15, 6.85, p = 

0.0230), 8 kHz (OR = 3.20; 95% CI: 1.35, 7.85; p =0.0083) and 12 kHz (OR = 3.63; 95% CI: 

1.58, 8.55; p = 0.0023) in the adjusted model (Table 4). The model adjusted with continuous 

variable of arsenic as the additional confounder also showed a significant correlation between 

hearing loss and Ba levels in hair and toenails (Table 5). On the other hand, we did not find 
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any relationship between Ba level in urine and hearing levels at all frequencies in the adjusted 

models (Tables 4 and 5). To verify the appropriateness of our model, we shifted the cut-off 

values of the dependent variable dichotomizing hearing levels from 10 to 15 dB at 4 kHz, 

from 25 to 30 dB at 8 kHz and from 40 to 45 dB at 12 kHz. In addition, we shifted the cut-off 

values of the independent valuable dichotomizing Ba levels from 10.62 to 13.62 µg/g in hair 

and from 1.88 to 2.38 µg/g in toenails. The results showed significant correlations between 

Ba levels in toenails and hair and hearing loss remained except for the correlation between Ba 

levels in toenails and hearing loss at 4 kHz. Thus, these results obtained in different 

classifications indicate that Ba levels in toenails and hair are associated with hearing loss at 

higher frequencies.  

 

Discussion 

   In our previous study, exposure of mice to Ba by drinking water resulted in accumulation 

of Ba in inner ears that led to hearing loss17. However, there is no information about a 

correlation between ototoxicity and Ba in humans. This pilot study epidemiologically 

demonstrated a significant correlation between Ba levels in toenail and hair samples and 

hearing loss in humans. On the other hand, it has been shown that food is one of the major 

sources of Ba exposure in general3, although the major source of Ba that accumulated in 

subjects in this study remains unclear. In our previous study, Ba levels in inner ears of mice 

not exposed to Ba were higher than those in other tissues including the liver, kidney and heart, 

in which Ba levels were undetectably low, while mice exposed to Ba by drinking water 

showed significantly increased Ba levels by about 10% in inner ears17. Our measurements of 

Ba levels in foods and drinking water for normal mouse breeding showed that Ba level in 

food was about 35 mg/kg and that in water was about 4 µg/L. Thus, it is possible that the 

accumulation of Ba in inner ears of mice bred under normal conditions is mainly derived 

from food and it could be accelerated in mice exposed to Ba by drinking water. Therefore, it 
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is important to monitor Ba levels in food and drinking water worldwide in order to further 

analyze the correlation between ingestion of Ba and hearing loss in humans. 

  In this study, hearing levels at higher frequencies (8 and 12 kHz) were affected in groups 

with high Ba levels in hair and toenails, whereas our previous study with ICR mice showed 

that hearing levels at lower frequencies (4, 12 and 20 kHz) were affected in the Ba exposure 

group17. On the other hand, hearing levels at high frequency (32 kHz) in the non-exposed 

group and Ba-exposed group were comparable at the end of the exposure period, because 

ICR mice have been shown to progressively suffer from hearing loss35, although a genetic 

reason has not been demonstrated. Therefore, it is possible that people who potentially have a 

genetic factor for hearing loss also suffer from hearing loss at lower frequency by exposure to 

Ba, although we could not find such a case in this study. On the other hand, there is no 

information about a correlation of Ba levels among inner ears, hair and toenails. It is crucial 

to analyze an association of Ba levels among those tissues in an experimental animals 

exposed to Ba in order to determine the threshold of Ba levels in hair and toenails associated 

with hearing loss. 

  �  This study showed that there was a significant correlation between hearing levels and 

Ba levels in hair and toenails, while there was no significant correlation between hearing 

levels and Ba level in urine. Major excretion routes of Ba ingested from daily diets (750 µg) 

have been shown to be feces (690 µg), hair (75 µg), urine (50 µg) and sweat (10 µg)3. 

Meanwhile, the growth cycle of a fingernail is generally known to be about 6 months36 and 

that of a toenail has been shown to be about 10 months37. Also, the growth cycle of hair has 

shown to be several years38,39, while detection of an element level in urine is generally 

regarded as being associated with daily exposure. Measurements of trace element levels in 

toenails and hair have been considered as reliable biomarkers that can reflect chronic 

exposure status40-43. Therefore, our results suggest that Ba levels in toenails and hair can 

reflect levels after chronic exposure to Ba. Thus, our results raise the possibility that chronic 
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exposure to Ba causes hearing loss, although our experimental study showed sub-acute 

exposure to Ba by drinking water caused hearing loss in ICR mice17. Additional study is 

needed to analyze a correlation between duration of exposure to Ba and hearing loss with 

consideration for exposure conditions in humans and mice.  

   This study showed that hearing levels in female subjects were significantly worse than 

those in male subjects. In addition, Ba levels in female subjects were significantly higher than 

those in male subjects (hair; p < 0.0001, nail; p = 0.0018). Therefore, it is possible that higher 

Ba levels in female subjects cause higher auditory thresholds than those in male subjects, 

although the reason for the gender difference in Ba levels is not clear. On the other hand, 

hearing levels in males are generally known to be worse than those in females32, while a 

previous study showed that females with depression tend to have hearing loss compared to 

males44. Hence, it is important for an understanding of the gender difference in hearing levels 

to compare Ba levels in biological samples from males and females and to consider other 

confounders including mental status. Meanwhile, since this study showed that the smoking 

group had greater hearing loss than did the non-smoking group as was previously reported33, 

we compared Ba levels in the two groups. The results showed that there was no significant 

difference in Ba levels between the smoking group and the non-smoking group, although it 

has been shown that tobacco leaves contain barium hydroxide45. In this study, we found that 

there was a significant correlation between hearing loss and Ba levels in hair and toenails in 

binary logistic regression analysis adjusted with arsenic as the confounder, though univariate 

analyses have shown that arsenic levels in hair samples and in nail samples affect hearing in 

humans46,47. Thus, this study suggests that Ba could be an independent risk factor for hearing 

loss.   

  In conclusion, the present pilot study further provided epidemiological evidence that there 

is a correlation between Ba and hearing loss in humans in addition to our previous 
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experimental study in mice17. Our study also suggested possible thresholds in hair and 

toenails that increase the risk for hearing loss in humans. 
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Figure legends 

Figure 1. Correlations between hearing levels and confounding factors including age, 

BMI, sex and smoking. (A) Auditory thresholds (mean ± SD) at 1, 4, 8 and 12 kHz in the 

young group (< 30 years old; n = 77, diamonds) and the old group ( ≥ 30 years old; n = 68, 

squares) are displayed. (B) Auditory thresholds (mean ± SD) from frequencies of 1 kHz to 12 

kHz in the underweight group [body mass index (BMI) < 18.5; n = 23, diamonds], normal 

range group (18.5 ≤ BMI < 25; n = 94, squares) and overweight group (25 ≤ BMI; n = 28, 

triangles) are displayed. (C) Auditory thresholds (mean ± SD) from frequencies of 1 kHz to 

12 kHz in males (n = 69, diamonds) and females (n = 76, squares) are presented. (D) 

Auditory thresholds (mean ± SD) from frequencies of 1 kHz to 12 kHz in smokers (n = 31, 

diamonds) and non-smokers (n = 114, squares) are displayed. Smokers include people using 

tobacco powder. Significant differences (*p < 0.05, **p < 0.01) were analyzed by the 

Mann-Whitney U test (A, C and D) and Steel-Dwass test (B). 

 

Figure 2. Correlations between barium levels in biological samples and hearing levels. 

(A) Auditory thresholds (mean ± SD) from frequencies of 1 kHz to 12 kHz in the high Ba 

level group (≥ 12.62 µg/g; n = 26, squares) and the low Ba level group (< 12.62 µg/g; n = 119, 

diamonds) in hair are displayed. (B) Auditory thresholds (mean ± SD) from frequencies of 1 

kHz to 12 kHz in the high Ba level group (≥ 1.88 µg/g; n = 90, squares) and the low Ba level 

group (< 1.88 µg/g; n = 55, diamonds) in toenails are displayed. (C) Auditory thresholds 

(mean ± SD) from frequencies of 1 kHz to 12 kHz in the high Ba level group (≥ 2.55 µg/L; n 

= 72, squares) and the low Ba level group (< 2.55 µg/L; n = 73, diamonds) in urine are 

displayed. Ba level in urine was corrected by specific gravity. Significant differences (*p < 

0.05, **p < 0.01) were analyzed by the Mann-Whitney U test. 

 

 



Table 1. Variables for each factor  

 Variables Participants Percentage (%) 

Sex 
Male 69 47.59 

Female 76 52.41 

Age 
< 30 77 53.1 

≥ 30 68 46.9 

BMI 

18.5 < 23 15.86 

18.5-25 94 64.83 

≥ 25 28 19.31 

Smoking 
Yes 31 21.38 

No 114 78.62 



Table 2. Barium levels in biological samples 

 Barium level (µg/g) 

  Mean ± SD Minimum Maximum 

Hair  7.08 ± 5.54 0.33 23.96 

Toenail  3.21 ± 2.87 0.2 16.56 

Urine* 3.87 ± 4.85 0.13 36.72 

*Barium concentration in urine was corrected by specific gravity (µg/L). 



Table 3. Classification according to barium levels in biological samples  

Barium level (µg/g)  Participants Percentage (%) 

Hair 
Low (< 12.62) 119 82.07 

High (≥ 12.62) 26 17.93 

Toenail 
Low (< 1.88) 55 37.93 

High (≥ 1.88) 90 62.07 

Urine* 
Low (< 2.55) 73 50.34 

High (≥ 2.55) 72 49.66 

*Barium concentration in urine was corrected by specific gravity (µg/L). 



Table 4. Adjusted odds ratio (95% CI) for hearing levels and barium (Ba) levels in 

biological samples (n = 145)a 

 1 kHz 

(≥ 10 dB) 

4 kHz 

(≥ 10 dB) 

8 kHz 

(≥ 25 dB) 

12 kHz 

(≥ 40 dB) 

Ba in hair 1.63 

(0.50, 5.19) 

2.60 

(0.85, 8.41) 

4.75** 

(1.44, 17.68) 

15.48** 

(4.04, 79.45) 

Ba in toenail 0.82 

(0.32, 2.10) 

2.76* 

(1.15, 6.85) 

3.20** 

(1.35, 7.85) 

3.63** 

(1.58, 8.55) 

Ba in urine 1.23 

(0.54, 2.85) 

1.16 

(0.52, 2.56) 

1.01 

(0.45, 2.23) 

0.93 

(0.43, 1.99) 

aModels were adjusted for sex26, age43, BMI44 and smoking15, which were previously 

reported to affect hearing levels. Abbreviation: CI, confidence interval. *p < 0.05, **p < 

0.01. 



Table 5. Adjusted odds ratio (95% CI) for hearing levels and barium (Ba) levels in 

biological samples (n = 145)a 

 1 kHz 

(≥ 10 dB) 

4 kHz 

(≥ 10 dB) 

8 kHz 

(≥ 25 dB) 

12 kHz 

(≥ 40 dB) 

Ba in hair 1.56 

(0.47, 4.98) 

2.34 

(0.75, 7.70) 

4.46* 

(1.32, 17.24) 

21.72** 

(4.95, 129.53) 

Ba in toenail 0.84 

(0.32, 2.21) 

3.04* 

(1.23, 7.72) 

3.10* 

(1.26, 7.79) 

2.72* 

(1.10, 6.76) 

Ba in urine 1.29 

(0.56, 3.01) 

1.18 

(0.53, 2.62) 

1.03 

(0.46, 2.28) 

0.90 

(0.41, 1.95) 

aModels were adjusted for sex26, age43, BMI44, smoking15 and arsenic29,30 which were 

previously reported to affect hearing levels. Abbreviation: CI, confidence interval. *p < 

0.05, **p < 0.01. 

 






