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Abstract

Conclusion—Results suggested mercury-induced anomalies in the brainstem mediated acoustic
stapedius muscle reflex in children.

Objectives—Mercury (Hg) exposure has been associated with hearing impairment and
brainstem anomalies. Acoustic stapedius reflex (ASR) thresholds, growth functions, decay/
adaptation times, and behavioral auditory thresholds were used to screen Andean children and
adults for mercury-induced auditory brainstem and facial nerve impairment.

Methods—Fifty-one participants, which included 22 children (aged 6 -17 years) and 29 adults
(aged 19 - 83 years) living in gold mining areas of Ecuador where Hg is widely used in
amalgamation, were screened using ASR immittance procedures.

Results—Mean blood mercury (HgB) level in the children was 15.6 pg/L (SD: 21.3; median: 7
pa/L; range: 2.0-89 pg/L), and in the adults 8.5 pg/L (SD: 7.1; median: 6 pg/L range: 2.0-32 g/
L). Mean contralateral ASR thresholds (ASRT) for the screening frequency of 2000 Hz in the
children (39 ears) was 92.9 dB HL (SD: 6.1; range: 80-105 dB HL), and in the adults (53 ears)
90.0 dB HL (SD: 6.4; range: 65-105 dB HL). The ASRT in the children increased significantly
with HgB level (rh0= 0.433; p=0.008).
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Introduction

Mercury (Hg) is neurotoxic, and exposure to both inorganic Hg vapors (Hg®) and
methylmercury (MeHg) has been linked to neurological and neurocognitive impairment in
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children and adults [1,2]. MeHg crosses the blood-brain barrier and accumulates
substantially in the central nervous system (CNS) [3]. At the cellular-molecular level, MeHg
also inhibits DNA synthesis and reduces the size and levels of cyclins in the hippocampus
[4]. Further, Hg has been found to accumulate in a number of organs, including the lungs,
intestine, kidneys, liver, as well as in the placenta [5].

Hg exposure has also been associated with cochlear pathology and hearing impairment [6,7].
Further, a number of investigations have linked Hg exposure to auditory brainstem damage
[8-10]. Using brainstem auditory evoked responses (ABR) in evaluating Hg-exposed
subjects, some of these studies have revealed abnormal neural conduction latencies,
suggesting neuronal damage in the brainstem auditory tracts and nuclei. Anomalies in ABR
latency and morphology have also been found in Hg-exposed indigenous Andean children
living in Ecuadorian gold mining settlements where elemental Hg is widely used in the gold
amalgamation process [11]. Similarly, behavioral auditory tests have suggested an
association between blood mercury level (HgB) and hearing thresholds in this population of
Hg-exposed Andean children [12]. Biomarker studies in the same Andean population
revealed elevated levels of Hg in hair and urine samples, as well as in blood [13].

The present study investigated the integrity of the brainstem auditory tracts and nuclei in
Hg-exposed Andean children and adults using the brainstem mediated acoustic stapedius
muscle reflex (ASR). Similar to the ABR procedure, the ASR is a noninvasive physiological
technique that is used to examine auditory nerve and auditory brainstem function. The ASR
and ABR are mediated by segments of the same ascending auditory pathways, including the
8th cranial nerve, and within the brainstem, the cochlear nucleus and superior olivary
complex. However, the ASR involves a multi-synaptic brainstem arc that includes the
afferent bipolar neurons of the 8th nerve, the cochlear nucleus, the ipsilateral (uncrossed)
and contralateral (crossed) superior olives, axonal projections to neurons in and around the
nucleus of the 7th cranial nerve, and efferent motoneurons from the facial nerve branch to
the stapedius muscle [14]. The ASR may offer some additional diagnostic information
beyond the ABR procedure in that it evaluates both afferent and efferent auditory brainstem
and neuromuscular function [15]. Further, the ASR procedure requires less time to
administer in a field-testing situation, and serves as a reliable and objective screening
measure of the integrity of the auditory brainstem. To our knowledge, the ASR procedure
has not been used previously in auditory neuro-sensory studies of children or adults with Hg
exposure.

and locations

Fifty-one participants, which included 22 children (aged 6-17 years) and 29 adults aged (19 -
83 years), from the gold mining areas of Nambija and Portovelo, Ecuador were administered
ASR and hearing tests. Both the children and adults in the study areas were reported to be
exposed to elemental Hg vapors and methylmercury. The Nambija gold mining settlement is
located about 650 km from Quito, Ecuador at an altitude of approximately 1850 m, in the
southeastern rain forest in Zamora Province, Ecuador, near the Peruvian border. The
Nambija gold mining settlement is served by the rivers Nambija, Zamora, and Yacuambi,
from which the local population collects fish as part of their diet. The Nambija settlement
maintains a population of about 2000 persons of Mestizo background, and traditional
Saraguro Amer-Indians. Most of the inhabitants of Nambija are involved with the year-
round gold mining industry in the area. Quicksilver (liquid Hg) has been used for
amalgamation for decades in the gold mining operations in the Nambija gold mines. Medical
testing equipment and materials were transported to the Nambija community by foot over a
rugged mountain path to an area near the top of the mountain settlement. The second study
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area, Portovelo is a small Andean gold mining town of mostly indigent Mestizo families in
the Zaruma area of El Oro Province approximately 250 km northwest of Nambija in
Southwestern Ecuador. Portovelo has been a major center of gold mining in Ecuador since
the time of the Incas. Both Hg and sodium cyanide are widely used in the gold extraction
process in the Portovelo gold mines.

Informed consent was requested and received from the adult participants and the parents or
guardians of the children participants before testing was initiated. The children in the study
area were accompanied by their parents, guardians, teachers or officials at the local schools
or health clinics for testing. This study was approved by the Human Studies Committee

( Comité de Bioética) of Universidad San Francisco de Quito, under whose auspices the
investigation was conducted. The project was conducted under the direction of Dr. Fernando
Ortega, Professor of Medicine at Universidad San Francisco de Quito in Quito, Ecuador.
The adult participants and the parents/guardians of the children who participated were
advised of current HgB levels, and given instructions on ways to avoid or minimize Hg
exposure. Children and adults who were found to have elevated HgB levels were referred to
Ecuadorian physicians for medical treatment.

Measurement of blood Hg levels

Samples of whole blood were used to determine Hg levels in the 22 children and the 29
adults in the study area who received ASR tests. Blood samples of 4 ml were collected using
Vacutainer evacuated blood collecting tubes with Li-Heparin. All whole blood samples were
immediately stored and transported in refrigerated containers at approximately 4° C, and
later analyzed for Hg concentration by ICP-MS at the Mayo Medical Laboratories in
Rochester, Minnesota. The Hg exposure level was assessed by determining the total Hg
concentration in whole blood using procedures describe elsewhere [16].

Auditory test procedures

Each participant was given a conventional audiological examination, including otoscopy,
tympanometry, and pure-tone threshold measurements at the frequencies 250, 500, 1000,
2000, 3000, 4000, 6000 and 8000 Hz. All ASR test data were obtained concurrently with the
collection of blood samples from the study participants, thus precluding any inadvertent
investigator bias. The ASR was recorded with the Grason-Stadler GSI 33 immittance system
using a probe tone frequency of 226 Hz. The probe was sealed in the external ear canal and
tympanometry was performed to determine the status of the tympanic membrane and the
middle ear system. In this field investigation, for the purpose of screening the study group,
contralateral ASR measurements were made at one stimulus activator frequency, 2000Hz.
The 2000 Hz activator stimulus was selected for screening purposes because it is less likely
to be affected by ambient noise, and it may be more sensitive to ASR adaptation than the
lower frequencies. The ASR was elicited with the probe in one ear, and the stimulus
activator delivered by an insert earphone to the contralateral ear in order to measure the
crossed brainstem reflex arc. The contralateral ASR was chosen as the screening procedure
because it represents the crossed brain reflex arc that involves a series of neuronal synapses,
including the cholinergic neuromuscular synapse with the stapedial branch of the facial
nerve at the stapedius muscle, and thus serves as a more comprehensive neurological index
of auditory brainstem integrity.

The acoustic stapedius reflex threshold (ASRT), ASR amplitude growth, and ASR decay
(ASRD) were analyzed for the 2000 Hz activator stimulus. The ASRT was defined as the
lowest stimulus intensity level (measured in clinical test units as hearing level [HL] in dB) at
which a reproducible ASR deflection (representing a minimum of 0.1 cm?3 change in
immittance) from the recording baseline could be detected. Stimulus presentations of
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increasing intensity increments of 5 dB were used to evoke and confirm ASRT responses,
and to measure amplitude growth over a 10-15-dB range above threshold (sensation level) in
order to evaluate the dynamic range or magnitude of the stapedius muscle contraction.

The acoustic stapedius reflex decay (ASRD) was defined as the time in seconds at which the
stapedius muscles relaxes or decays to at least 50% of its initial peak contraction (as
indicated by the amplitude of the recorded deflection) over a 10-second stimulus period.
Thus, a reduction in response amplitude of 50% or greater at any point during a 10-second
period of acoustic stimulation (i.e., ASR half-life of < 10 seconds) was considered abnormal
decay or abnormal muscle adaptation.

Unlike in a controlled clinical environment, in field investigations there are inherent
uncontrollable variables and constrains, such as participants’ availability, work and school
schedules, and time limitations. Because of some of these constraints, complete ASR
measures could not be performed on every participant in the study group. For comparative
observations, some participants were examined for ASR at the additional frequencies of
1000 and 4000Hz.

Data analysis

Results

The arithmetic mean, standard deviation, standard error, range and percentile values were
determined for HgB, ASRT and ASRD. Because several variables had skewed distributions,
nonparametric statistical tests, as well as parametric tests, were used for data analysis.
Student's £test and the Mann-Whitney Utest were used to analyze differences between
means. Spearman correlation analyses were performed to examine relationships between
HgB level and ASRT, HgB level and ASRD, and between HgB level and hearing thresholds.
An ASRD value of 10 seconds was used in the data analysis for those participants who
showed no ASR decay. An alpha level of < 0.05 was accepted as an indication of statistical
significance.

Blood Mercury Concentration

The HgB levels for the total study group of 51 participants ranged from 2.0 to 89 pg/L
(median: 6.0 p/L). The mean HgB level for the 22 children in the study group was 15.6 pg/
L (SD: 21.3; median: 7.0; range: 2.0-89 pg/L), and higher than the median HgB level of
0.26 pg/L reported for children in the U.S. [17]. The mean HgB level for the 29 adults in the
study group was 8.5 pg/L (SD: 7.1; median: 6.0; range: 2.0-32.0 pg/L). The median HgB
concentration for the adults was higher than the median of 0.6 pg/L found in a German
survey of 25-69-year-old adults [18]. The difference in HgB levels between the children and
adults was not statistically significant (unpaired &= -1.611; p=0.114).

Hearing Thresholds

Figure 1 shows mean pure tone hearing thresholds for the Andean children and adults
plotted in a conventional audiogram format for the frequencies 250, 500, 1000, 2000, 3000,
4000, 6000 and 8000 Hz. The hearing thresholds for the children were within the normal
range (< 20 dB HL) at each test frequency above 500 Hz. The slightly depressed
audiometric thresholds for the children at 250 and 500 Hz in the audiogram of Figure 1
reflect slight threshold shifts due to ambient noise levels in the field-testing environment.
The averaged results for the adults revealed a high frequency hearing loss at 3000 Hz and
above. A Mann-Whitney Uanalysis revealed significant differences in mean auditory
thresholds between the children and adults at 1000, 2000, 3000, 4000, 6000, and 8000 Hz
(tied Z ranged from -2.64 to -6.87, and tied pranged from 0.008 to < 0.0001). Spearman
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correlation analyses revealed no significant associations between HgB and hearing
thresholds for the pure tone test frequencies of 1000, 2000, 3000, 4000, 6000 and 8000 Hz
for the children or adults. Because hearing thresholds for the lower frequencies, 250 and 500
Hz, were influenced by ambient noise, it was deemed inappropriate to perform correlation
analyses at these frequencies.

Acoustic stapedius reflex thresholds

Since there was no significant difference between ears for the hearing thresholds at the
screening activator frequency of 2000 Hz in the children, and because there was no
significant differences between ears in the ASRT at 2000 Hz, the ASRT results of the right
and left ears were combined to increase the power of the data statistical analysis. The mean
contralateral ASRT for 39 ears of the children at the screening stimulus activator frequency
of 2000 Hz was 92.9 dB HL (SD: 6.1; range: 80-105 dB HL). A correlation analysis using
the Spearman rfo indicated a significant association between the ASRT (dB HL) and HgB
level (rho=0.433; p=0.008) in the children, showing increases in ASRT with increases in
HgB. The mean contralateral ASRT for 53 adult ears was 90.0 dB HL (SD: 6.4; range:
65-105 dB HL). In contrast to the children, the Spearman correlation coefficient showed no
significant association between HgB and ASRT for the adults (70 = - 0.030; p=0.827).
The difference in the ASRT between the children and adults was statistically significant
(unpaired ¢=-2.230; p=0.028) with the children showing a 2.9 dB higher mean ASRT.

Table 1 shows the means and percentiles for ASRT in dB HL and SL for the 2000 Hz
stimulus activator in the Hg-exposed Andean children (n = 39 ears) and adults (n = 53 ears).
Standard deviation values for the means are shown in parentheses. It may be observed from
Table 1 that the ASR sensation level (SL) is lower for the adults than the children,
suggesting a more rapid growth in loudness in the adults, i.e., loudness recruitment or
hyperacusis.

Acoustic stapedius reflex growth

Figure 2 illustrates the ASR growth in amplitude over a range of 15 dB SL for the children
and adults. The graph shows that the ASR growth curve for the children increases in a linear
fashion with increases in the intensity of the 2000 Hz activator stimulus over a 15 dB range,
with no evidence of saturation in growth. The adults, on the other hand, exhibited a steeper
growth function and apparent saturation at the highest SL. To further quantify the ASR
growth amplitude difference between the adults and children, an adults/children amplitude
ratio was calculated at 5 and 10 dB SL. The ratio at 5 dB SL was 1.95, and at 10 dB SL was
1.75, further demonstrating that the growth was steeper for the adult ears.

Acoustic stapedius reflex decay

The mean contralateral ASRD at the screening frequency of 2000 Hz and at the
conventional clinical 10 dB SL for the children was 8.1 seconds (SD: 2.7 seconds; median
10 seconds). The mean contralateral ASRD in the adults was 8.1 seconds (SD: 2.6 seconds,
median 10 seconds). There was no significant association between HgB and ASRD times in
the children (rh0=-0.047; p=0.786 ). The adults also showed no significant association
between HgB and ASRD times (r410=0.165; p=0.284).

Several illustrations from the data in the study groups are presented to show ASR responses
in the presence of elevated HgB levels, and to demonstrate the feasibility of employing the
ASR procedure in the field, using stimulus activators of 1000, 2000, and 4000 Hz. Figure 3
shows the contralateral ASRT, amplitude growth and ASRD for a 2000 Hz stimulus
activator in and a 12-year-old male with an elevated HgB level of 34 ng/L. The participant's
audiometric threshold in the stimulus ear for the activator frequency of 2000 Hz was 15 dB
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HL and within the normal range. Figure 3A shows the contralateral ASRT response for the
2000 Hz activator stimulus. The recording shows a robust ASRT deflection within the
normal range at 95 HL (0.09 mL or cm?3 change in acoustic immittance), with a three-fold
increase in amplitude for a 5 dB increase in intensity to 100 dB HL (0.25 cm3). Figure 3B
shows the contralateral ASRD recordings at threshold (95 dB HL), and at supra threshold
levels of 5 dB SL (100 dB HL) and at 10 dB SL (105 dB HL) for the 2000 Hz stimulus
activator. The upper ASRD recording in Figure 3B shows a vigorous response at stimulus
onset (0.17 cm?3) at the ASRT (95 dB HL), indicated by a large deflection from baseline,
followed by a rapid decay in response amplitude or muscle contraction at 2 seconds. The
response could not be sustained for the clinically normal 10 second period. Rapid ASRD at
threshold level is commonly seen in normal subjects with no exposure to neurotoxins or
history of neurological impairment. Therefore, the rapid ASRD at threshold may not be
indicative of auditory neural impairment. The middle recording in Figure 3B at 100 dB HL
(5 dB SL) revealed a vigorous response at stimulus onset to a peak amplitude of 0.27 cm,3
followed by a sustained stapedius muscle contractions at peak amplitude with no significant
adaptation or decay until stimulus offset at 10 seconds. Similarly, the lower recording in
Figure 3B evoked at 105 dB HL (10 dB SL), shows a dynamic response at stimulus onset to
a peak amplitude of 0.30 cm3, followed by a sustained stapedius muscle contraction at peak
amplitude with no adaptation or decay until stimulus offset at 10 seconds. For comparison,
Figure 3C,D shows the contralateral ASRT, amplitude growth and the ASRD in the same
participant for a 1000 Hz stimulus activator. The audiometric threshold for this participant in
the stimulus ear for 1000 Hz was 15 dB HL. The 1000 Hz activator stimulus elicited a
contralateral ASRT response (Figure 3C) within the normal range at 95 HL (0.04 cm3), with
a five-fold increase in amplitude for a 5 dB increase in intensity to 100 dB HL (0.20 cm3).
The upper recording in Figure 3D shows the ASRD at the threshold level of 95 dB HL. The
recording revealed a moderate change in acoustic immittance at stimulus onset (0.08 cm3),
followed by sustained stapedius muscle contraction at the peak amplitude of 0.08 cm? with
no significant adaptation or decay until stimulus offset at 10 seconds. At 100 dB HL (5 dB
SL), the middle recording in Figure 3D shows a robust response at stimulus onset (0.25
cm3), followed by sustained stapedius muscle contractions at peak amplitude with no
discernable adaptation or decay until stimulus offset at 10 seconds. At the conventional
clinical 10 dB SL (105 dB HL), the lower recording in Figure 3D shows an ASR of greater
amplitude at stimulus onset (0.32 cm?3), with sustained stapedius muscle contractions at peak
amplitude with no adaptation or decay until stimulus offset at 10 seconds. The contralateral
ASRT for the stimulus activator of 4000 Hz is shown in the recordings of Figure 3E. The
audiometric threshold for this participant in the stimulus ear for 4000 Hz was 35 dB HL,
indicating a mild hearing loss at this frequency. The audiometric thresholds at all other
frequencies were within the normal range. The contralateral ASRT was reached at 105 dB
(0.02 cm?3) at 4000 Hz, which is within the normal range, in spite of the hearing loss. At 110
dB HL (5 dB SL) the ASR amplitude doubled in magnitude, increasing to 0.04 cm3. In
summary, this 12 year old Hg-exposed male with a high HgB level of 34 pg/L showed
normal ASR functioning, implying that the 8t cranial nerve and the auditory brainstem
neurons and synapses involved in the ASR are unimpaired by the elevated HgB level.

Figure 4 shows the ASR recordings from an 8-year-old female with an elevated HgB level
of 40 pg/L. The audiometric threshold in the stimulus ear (right) for the activator frequency
of 2000 Hz was normal at 10 dB HL. Her tympanogram indicated normal middle ear air
pressure and tympanic membrane compliance. As shown in Figure 4 A, the 2000 Hz
screening activator stimulus elicited an unequivocal contralateral ASRT response in the
normal range at 95 dB HL (0.04 cm? change in acoustic immittance), with increases in ASR
amplitude as a function of intensity level up to 105 dB HL (10 dB SL), a 0.08 cm? change in
acoustic immittance. Figure 4B (upper recording) shows the contralateral ASRD recordings
at 105 dB HL (10 dB SL) for the 2000 Hz stimulus activator. Consistent with the ASRT
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response seen in Figure 4A at 10 dB SL, the initial deflection in the ASRD response reached
a 0.08 cm? change in acoustic immittance, but revealed some adaptation or decay in
response amplitude to less than 50% of peak value at approximately 6 seconds, before
returning to the pre-stimulus baseline. The lower recording of Figure 4B shows the ASRD
recording at 110 dB HL (15 dB SL) for the 2000 Hz stimulus activator. The deflection from
baseline indicated a comparatively large change in acoustic immittance at stimulus onset
(0.09 cm3), followed by sustained stapedius muscle contractions at peak amplitude with a
slight, but not clinically significant adaptation or decay. Figure 4C shows that at a stimulus
activator frequency of 1000 Hz (audiometric threshold: 15 dB HL), an ASRT of 95 dB was
recorded, as indicated by a change in acoustic immittance at stimulus onset of 0.03 cm,3 and
at5 dB SL (100 dB HL), 0.06 cm.3 At 105 dB HL (10 dB SL) the change in acoustic
immittance increased to 0.07 cm.2 The ASR amplitude or magnitude of stapedius muscle
contraction followed a linear growth pattern from threshold to 10 dB above threshold.

The ASRD recording in the upper curve of Figure 4D shows a substantial stapedius muscle
reflex, as indicated by the initial deflection from baseline to a peak value of 0.06 cm? at 100
dB HL (5 SL), and a sustained muscle contraction for the normal 10 seconds with no
adaptation or decay. At 10 dB SL (105 dB HL) the ASR recording in the lower curve of
Figure 4D shows a larger amplitude change (0.07 cm3), and normal, sustained stapedius
muscle contraction without any amplitude reduction or decay up to stimulus offset at 10
seconds. Figure 4E illustrates the contralateral ASRT for a stimulus activator of 4000 Hz for
this participant. The audiometric threshold for this participant in the stimulus ear for 4000
Hz was 10 dB HL. The recordings show some evidence of a contralateral ASR response at
95 dB HL (0.01 cm3), but an unequivocal response at 100 dB HL (0.03 cm3). There was a
linear growth in ASR amplitude from 95 dB HL (0.01 cm?) to 110 dB HL (0.06 cm3change
in acoustic immittance). In summary, this 8-year-old Hg-exposed female with an elevated
HgB level of 40 pg/L showed normal ASRTSs at each stimulus activator frequency, but some
degree of adaptation or decay at 10 dB SL for the 2000 stimulus activator. The decay or
stapedius muscle adaptation observed at the 10 dB SL for the 2000 Hz stimulus in this Hg-
exposed participant may reflect the mild decay seen in some normal, non-Hg exposed
children, or it may suggest some subtle retrocochlear impairment in the ASR brainstem
pathways.

The ASR recordings in Figure 5A, B, C, D and E illustrate the contralateral or crossed brain
ASRT, ASR growth, and the ASRD morphology in response to 3 pure-tone stimulus
activators (1000 Hz, 2000 Hz and 4000 Hz) for a 14-year-old male gold miner with a highly
elevated HgB level of 89 pg/L. The audiometric threshold in the stimulus ear at the activator
frequency of 2000 Hz was 10 dB HL. As shown in Figure 5A, the 2000 Hz stimulus elicited
a robust contralateral ASRT response within the normal range at 95 dB HL (0.03 mL or cm?3
change in acoustic immittance), with amplitude growth up to 110 dB HL (0.13 cm3).

The contralateral ASRD recording at 5 dB SL (100 dB HL) in Figure 5B (upper curve)
revealed sustained stapedius muscle contractions at peak amplitude for only 4 seconds,
followed by a gradual adaptation or decay to greater than 50 % of peak amplitude, which is
normal at a low SL. The ASRD recording in Figure 5B (middle curve) at the conventional
10 SL (105 dB HL) shows that the stapedius muscle reflex was sustained for 8 seconds,
suggesting minimal decay. At 15 dB SL (110 dB HL), the contralateral ASRD recording
(lower curve of Figure 5B) revealed sustained stapedius muscle contractions at peak
amplitude without significant amplitude reduction up to approximately 6 seconds. The noisy
recording after around 6 seconds may suggest aberrant stapedius muscle twitches, patient
noise or environmental electrical interference with the test instrumentation. At the stimulus
activator frequency of 1000 Hz (audiometric threshold: 20 dB HL) the recordings in Figure
5C illustrate a strong ASRT at 100 dB HL (0.10 cm?3), which is within the normal range.
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The ASRD responses at 1000 Hz shown in figure 5D. The upper curve of Figure 5D shows
the contralateral ASRD recording at threshold (100 dB HL). This reveals a stapedius muscle
contractions at peak amplitude (0.12 cm3) for only 6 seconds, followed by a gradual
adaptation or decay to approximately 50% of peak level before returning to baseline at
stimulus offset at 10 seconds. The ASRD recordings in Figure 5D at 5 dB SL (105 dB HL)
and at the conventional clinical 10 dB SL (110 dB HL) show vigorous stapedius muscle
reflex that were sustained for the normal 10 seconds, with no adaptation or decay. Both the
middle and lower ASRD recordings of Figure 5D showed large amplitude growth (0.22 and
a 0.21 cm3 respectively) that reached the graphic display limits of the instrumentation. At
4000 Hz, the participant's audiometric threshold was 20 dB HL and within the normal limits.
The ASR recordings in Figure 5E illustrate the contralateral ASRT in response to a 4000 Hz
stimulus activator. The recordings show that the stimulus activator at 4000 Hz elicited an
unequivocal ASRT response at 105 dB HL (0.07 cm3 change in acoustic immittance), with
essentially a doubling of the muscle contraction amplitude at 110 dB HL (0.13 cm3),
demonstrating substantial ASR amplitude growth. The ASRD was not measured at 4000 Hz
because of the normal rapid adaptation or decay at this frequency. In summary, this 14-year-
old Hg-exposed male with a high HgB level of 89 pg/L showed ASRTSs at the upper end of
the normal range at each stimulus activator frequency. However the ASRD responses
showed minimal decay/adaptation at 5 dB SL and dysmorphic recordings at 10 dB SL for
the 2000 stimulus activator. The decay or stapedius muscle adaptation observed at the 5 dB
and 10 dB SL for the 2000 Hz stimulus may have no clinical significance, or it may suggest
some mild retrocochlear impairment in the ASR brainstem pathways.

Figure 6 illustrates the ASR recordings from an adult (52-year-old) male gold miner with an
elevated HgB level of 29 pg/L and a bilateral, moderate to severe sensorineural hearing loss.
The electro-acoustic recordings in Figure 6A (upper curve) show that the 2000 Hz screening
activator stimulus elicited a vigorous contralateral (probe right ear, stimulus left ear) ASRT
response at 100 dB HL (0.06 mL or cm?3 change in acoustic immittance). The ASR
amplitude increased approximately 67% to 0.09 cm.3 when the intensity of the activator
stimulus was increased by 5 dB (105 dB HL). The participant’s left ear (stimulus ear)
hearing threshold was 65 dB HL at 2000 Hz. The ASR at 100 HL indicates only a 30 dB
difference between hearing sensitivity threshold and the ASRT. This narrow range suggests
an abnormal increase in the sensation of loudness (i.e., loudness recruitment) in the left ear,
which is pathognomonic of sensory hearing loss, and not retro-cochlear pathology. Figure
6A (lower curve) shows a robust contralateral ASRD recording at 105 dB HL, which is only
5 dB SL for the 2000 Hz stimulus activator. The deflection to peak amplitude in the ASRD
response reached a peak of 0.09 cm,3 with no adaptation or decay in response amplitude
before returning to the pre-stimulus baseline after 10 seconds of stimulation. Figure 6B
reveals that the 2000 Hz screening activator stimulus delivered to the right ear elicited a
clear contralateral (probe in left ear, stimulus right ear) ASRT response at 90 dB HL (0.07
cm,3). Repeated testing did not show a consistent response at 85 dB HL). There was an
approximately 64% increase in ASR amplitude for an intensity increase of 5 dB (to 95 dB
HL) equaling 0.11 cm.3 Since the participant's audiometric threshold in the right ear was 65
dB HL at 2000 Hz, the ASRT was elicited at only a 25 dB SL. This narrow range of 25 dB
SL between audiometric threshold and ASRT deviates from the average 85 dB SL observed
for the ASRT in persons with normal hearing. This low SL for the ASRT supports the
implication of loudness recruitment attendant to a cochlear hearing loss.

The recording in Figure 6B (lower curve) shows the contralateral (probe in left ear, stimulus
right ear) ASRD recording at 95 dB HL (5 dB SL) in response to a 2000 Hz stimulus
activator. The deflection indicated a large change in acoustic immittance at stimulus onset
(0.13 cm3) followed by a sustained stapedius muscle contraction at peak amplitude with no
clinically significant adaptation or decay until stimulus offset at 10 seconds. In summary,
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this 52-year-old Hg-exposed male with a moderate to severe sensorineural hearing loss and
an elevated HgB level showed an uncommonly low ASRT. This finding suggests cochlear
pathology, which may the result of Hg exposure, noise exposure, or a combination of the
two. The normal ASRD responses are consistent with cochlear pathology or the absence of
retrocochlear pathology.

Discussion

Mercury exposure has been reported to induce auditory sensory-neural impairment, with one
target being the brainstem tracts and nuclei. However, the level of Hg exposure required to
induce auditory impairment, and the extent of Hg-induced cochlear, auditory nerve and
brainstem damage has not been fully established. Children and adults in the current study
were found to have HgB levels that exceeded comparable groups in industrialized nations,
such as the United States [17] and Germany [18], that may place them at risk for hearing
impairment and neurocognitive disabilities or neurological deficits. In the U.S. for example,
the median HgB level of children reported in the 1999-2000 NHANES survey [17] was 0.26
pa/L, or more than 25 times lower than the median of 7.0 ng/L found in the Andean
children in this study. The adults in the present study were found to have a median HgB
concentration 10 times higher than the levels reported for adults in a German survey [18].
Since Hg has no known biological benefit to humans, exposure at any level may lead to
adverse neurodevelopmental and neurological outcomes.

A sample of the Hg-exposed children and adults in the Nambija and Portovelo gold mining
study areas of Ecuador were previously screened for auditory brainstem Hg-related
impairment using ABR measures in an earlier study [11]. The ABR findings revealed
evidence of abnormal wave latencies and aberrant morphology in some Hg-exposed
children. In the present study, brainstem mediated contralateral ASRTs, ASR amplitude
growth and ASR decay/adaptation (ASRD) were used to assess the integrity of the cross-
brain tracts, nuclei, synapses, and facial motoneurons innervating the stapedius muscle.

While the data show the mean acoustic reflex threshold (ASRT) for the 22 children to be in
the normal range, i.e, between 80 and 105 dB HL, there was still a mild statistical
correlation between HgB level and the ASRT. This finding may suggest a compromised
brainstem ASR arc in the Hg poisoned children, but it may not reflect clinical significance.
It is unclear why a similar correlation between HgB level and the ASRT was not found in
the mature central auditory system of adults. The adults tended to have lower HgB levels
than the children, but the mean difference was not statistically significant. The developing
nervous system of children, including the central auditory system may be more susceptible
to heavy metal poisoning than that of adults. A larger number of Hg-exposed children and
adults in the study area must be examined in order to determine with confidence the
deleterious effects of Hg exposure on the brainstem mediated ASR. Further, the mean ASRT
for the adults was found to be within the normal range, and was slightly better (mean: 90
dB; 65-105 dB HL) than that of the children. The lower evoked ASRTSs observed in some
adults with hearing loss suggested loudness recruitment related to sensory hearing loss. The
audiograms of a number of adults tested for this study revealed high frequency hearing
losses, which may be the result of Hg exposure, noise exposure, presbyacusis or a
combination of the three.

The magnitude of the ASR amplitude growth may serve as an indicator of auditory neural
synchrony and summation in the spatial and temporal domains, as well as an index of
loudness recruitment or hyperacusis. In this study, the growth function for the children
increased in a linear fashion with increases in the intensity of the 2000 Hz activator stimulus
over a 15 dB range, with no evidence of saturation in growth. In contrast, the adults
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exhibited a steeper growth function, and apparent saturation at the highest intensity level.
The comparative steepness of the adult ASR amplitude growth curve (Figure 2) prior to
saturation further suggests loudness recruitment as seen in sensory hearing loss. Previous
studies have found varied results when comparing the ASR amplitude growth as a function
of stimulus activator intensity in normal and sensorineural hearing impaired ears. These
studies show either no significant difference in the ASR growth function between the normal
and hearing impaired ears, or a steeper growth function for the normal hearing subjects. On
the other hand, for a broadband noise activator stimulus, subjects with sensorineural hearing
loss showed a steeper ASR amplitude growth curve than normal hearing subjects [19, 20]. In
the present study, except for the saturation at the highest SL, the growth function for the
adults, who presented with a mean high frequency hearing loss, was similar to that seen for a
broadband noise activator in an earlier study [20].

The ASR decay or adaptation was investigated to determined whether the Hg-exposed
participants evinced signs of neural damage or neuromuscular fatigue. While the results
showed no statistical association between HgB level and ASRD times, the ASR recordings
in some of the children and adults showed rapid adaptation or fatigue, indicating clinically
abnormal decay. The mean contralateral or cross-brain ASRD time for both children and
adults was approximately 8 seconds, indicating slight decay or adaptation, which is
frequently seen at 2000 Hz in normal hearing and neurologically normal persons. The rapid
adaptation of less than the average 8 seconds observed in some of the children and adults in
this study may be related to the elevated HgB levels and possible underlying damage of
neurons in the brainstem stapedius reflex arc. It may also be associated with the activator
stimulus used. Moreover, some individual stapedius reflex recordings showed dysmorphic
ASR responses that may suggest anomalies in the synapses of the ASR arc or the contractile
properties of the stapedius muscle.

In the Hg-exposed children and adults in this study group, non-invasive ASR measurements
were effective in assessing the integrity and function of the stapedius muscle, and the
afferent and efferent neurons involved with the auditory brainstem reflex arc. The mean
ASRT in the children of the study group was found to increase with Hg exposure level,
possibly suggesting Hg-associated auditory brainstem involvement. Further, the ASRD
anomalies found in some children and adults with elevated HgB levels suggested possible
auditory brainstem impairment that could be related to Hg exposure. Individual
susceptibility to Hg exposure must also be considered as a factor in evaluating the neuro-
auditory effects of Hg exposure. For example, some individual children in the study group
with high HgB levels showed no aberrant ASR responses. Other mercury intoxicated
children with high HgB levels of 40 pg/L and 89 pg/L, respectively, exhibited demonstrable
ASR abnormalities. However, further investigation on a larger population of Hg-exposed
children and adults in the same study areas is necessary for firm conclusions regarding the
effects of Hg exposure on the neuronal elements of the auditory brainstem tracts and nuclei
and the skeletal muscle involved in the ASR. The acoustic stapedius reflex may serve as a
useful addition to the battery of clinical tests employed in assessing the neurotoxicological
effects of Hg on the auditory brainstem.
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Figure 1.

Mean pure tone hearing thresholds with standard error bars for children and adults for the

frequencies 250, 500, 1000, 2000, 3000, 4000, 6000 and 8000 Hz. The standard errors for

the children were not greater than 1.3 dB, and consequently are not visible in the threshold
curve of Figure 1.
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Figure 2.

Contralateral acoustic stapedius reflex (ASR) amplitude growth functions for a 2000 Hz
stimulus activator as a function of stimulus activator sensation levels (SL) of 0, 5, 10, and 15
dB for Hg-exposed Ecuadorian Andean children. The 0 dB SL indicates the ASR amplitude
at threshold, and the 5, 10 and 15 dB SLs show the ASR growth at corresponding levels
above the reflex threshold. The reflex growth amplitude as plotted on the y~axis is recorded
in acoustic immittance-compliance units (cm3) illustrating the magnitude of the ASR
contraction.
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Figure 3.

Physiological recordings of contralateral acoustic stapedius reflex threshold and acoustic
reflex decay in response to a 2000 Hz stimulus activator (A,B) and a 1000 Hz stimulus
activator (C,D), and the acoustic stapedius reflex threshold at 4000 Hz (E) for a 12 -year-old
male with a blood mercury level of 34 pg/L living in gold mining areas of Ecuador where
Hg is widely used in amalgamation.
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Figure 4.

Physiological recordings of contralateral acoustic stapedius reflex threshold and acoustic
reflex decay in response to a 2000 Hz stimulus activator (A,B) and a 1000 Hz stimulus
activator (C,D), and the acoustic stapedius reflex threshold at 4000 Hz (E) for an 8-year-old
female with a blood mercury level of 40 pg/L living in gold mining areas of Ecuador where

Hg is widely used in amalgamation.
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Figurebs.

Physiological recordings of contralateral acoustic stapedius reflex threshold and acoustic
reflex decay in response to a 2000 Hz stimulus activator (A,B) and a 1000 Hz stimulus
activator (C,D), and the acoustic stapedius reflex threshold at 4000 Hz (E) for 14-year-old
male with an HgB exposure level of 89 pg/L living in gold mining areas of Ecuador where

Hg is widely used in amalgamation.
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Figure®6.

Physiological recordings of contralateral acoustic stapedius muscle reflex threshold (A) and
acoustic reflex decay (B) in response to a 2000 Hz stimulus activator for a 52-year-old male
with a blood mercury level of 29 jg/L living in gold mining areas of Ecuador where Hg is
widely used in amalgamation. The associated audiogram is shown in Figure 6 C).
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Mean and percentiles for contralateral acoustic stapedius reflex thresholds (ASRT) in dB hearing level (HL)
and sensation level (SL) [level above the hearing threshold] for a 2000 Hz stimulus activator in mercury-

exposed Andean children (n = 39 ears) and adults (n = 53 ears) Standard deviation values are shown in

parentheses.
ASRT (dB HL) ASR SL (dB)
Children  Adults Children  Adults
Mean 92.9(6.1) 90.0(64) 80.6(8.1) 67.3(16.8)
10t Percentile  85.0 85.0 70.0 37.0
25t percentile  90.0 85.0 76.2 60.0
50t Percentile  95.0 90.0 80.0 70.0
75t Percentile  95.0 95.0 85.0 80.0
90t Percentile  100.0 95.0 90.0 85.0
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